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ABSTRACT

In the field of photolithography for micro-chip manufacturing, the photo-mask is used to
print desired patterns on a proper photo-resist on wafer. The most common type of photomask is binary amplitude mask made an opaque layer of chrome. The principle and
potential application of hybrid photo-mask with diffractive phase element and binary
amplitude is presented in this dissertation paper from both numerical modeling and
experimental research. The first important application is the characterization of aberration
in the stepper system using hybrid diffractive photo-mask. By utilizing multiple diffractive
illumination conditions, it is possible to characterize Zernike wave front aberration
coefficients up to any desired order. And, the second application is the use of binary phase
grating mask for analog micro-optics fabrication. This approach of using binary phase
grating mask for fabricating analog micro-optics turned out to be a very effective
alternative for gray-scale mask technology. Since this is a pure phase only mask, it doesn’t
cause any scattered noise light like half-tone mask and it results in smooth desired resist
profile. The benefits and limitations of hybrid diffractive photo-mask approach for both
applications are discussed.
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CHAPTER ONE: INTRODUCTION
In the semiconductor manufacturing industry, optical projection lithography has been the
primary pattern transfer tool for the fabrication of integrated circuits on silicon wafers. One of its
main components is the photo-mask, where the IC pattern to transfer is written in the chrome
layer. In optical viewpoint, this is a binary amplitude object for a partially coherent imaging
system [2]. The idea of utilizing phase shift or variation on the mask first came up in the late 80’s
as a mean of enhancing the resolution by overcoming the diffraction limit of imaging system.
Now days, the phase shift mask has become a mature, standard technique for resolution
enhancement in the industry, and is mainly used for dense periodic patterns [2], [9]. The phase
shift is usually implemented in the alternating opening region of binary chrome mask by etching
the mask substrate for phase shift of half wavelength.
Over the years, several new types of photo-masks have appeared such as gray-scale mask
and pure binary phase mask for certain applications other than high resolution IC circuits. The
gray-scale mask is exploiting continuously varying optical density in the patented HEBS glass
plate in order to form continuous relief profile in the photo-resist [16]. A pure binary phase mask
is good for fabricating high frequency sinusoidal gratings in the photo-resist by reducing the
period by half. Each type of mask has strengths and shortcomings and is usually good for a
specific application. However, a photo-mask having a combination of binary amplitude and
phase variation has not been attempted seriously so far. This has been partly because its benefits,
applications were not well appreciated as other types of masks. With the additional freedom of
phase variation on either backside or front-side of the photo-mask, it is possible to create a
desired 3D intensity distribution on the imaging plane as well as creating modified exposure
1

illuminations for the object patterns in the chrome layer. So, it is our goal to utilize this type of
hybrid diffractive photo-mask in order to characterize the aberrations of stepper and demonstrate
the fabrication of some micro-optics elements in the thick resist.
Recently micro-fabrication of micro-optics has received a great deal of interest due to
rapid developments of optical MEMS, micro-optical elements for photonics. In order to form a
thick continuous profile in the resist, the photo-mask should be able to create a desired 3D
intensity pattern. The gray-scale mask has been utilized to create the required analog intensity
profile for the fabrication of continuous relief micro-optical element on the resist surface [16],
[17]. But, it is a pure amplitude mask with no phase variation on it and has the same depth of
focus limitation as the conventional binary amplitude mask. Moreover it is very expensive to
purchase since that technique is patented by a commercial company. Half-tone mask has also
been used instead of gray-scale mask for the same purpose. It is made of a large number of
square pixels of varying size in chrome mask to produce analog intensity profile [13]. But it has
the drawback of edge scattering, which contributes to the rough analog surface due to noisy
image on the wafer. We found that binary phase grating mask can be designed in such a way that
it produces 0th order diffracted light with analog intensity variation required for the fabrication of
analog resist profile. By choosing a suitable grating period smaller than cut off for ±1 orders and
varying the duty cycle, it is possible to create desired analog intensity profile though 0th order
diffracted light. We investigated and demonstrated the feasibility of using binary phase grating
mask for the fabrication of arbitrary continuous relief micro-optics profile on a thick photo-resist.
Since this is based on the phase variation on the mask, it is free from all the drawbacks inherent
in amplitude based mask techniques.
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CHAPTER TWO: BACKGROUND ON THE PROJECTION
LITHOGRAPHY
Generally the optical lithography tools consist of an illuminator, photo-mask, optical imaging
system and the photo-resist spun on top of the wafer. The optical lithography is based on the
ability of photo-resist to store the image of pattern to be printed. The mask carrying this pattern
receives the light from the illuminator and the optical system images all parts of the mask
immediately onto the resist. This results in the crucial advantage of optical lithography, high
wafer throughput. The imaging light intensity on top of the resist is called aerial image. The
resist is a photo-sensitive material that changes its chemical state upon light exposure. The
pattern on the mask is transferred into the resist in the form of latent bulk image within the resist.
During immersion in a proper developer solution, the exposed part of resist is being dissolved or
remains depending on the polarity of resist. After completing the lithography process, an almost
exact replica of the mask pattern is made on the wafer surface. The mask pattern is usually
binary optical amplitude in the form of a binary chrome pattern. More details on the optical
exposure system and photo-mask will be described in the following sections.

2.1. Optics of the stepper in photolithography

2.1.1. Principles of stepper imaging system
Today's predominant printing technique for IC pattern transfer is a step-and-repeat projection
system [2]. A schematic of a typical modern projection system is shown in Figure 2.1. These
systems are either all refractive or catadioptric, i.e., a configuration consisting of both lenses and
3

mirrors. Usually an image reduction is built in. Reducing the image size has the great advantage
that the features on the mask do not have to be as small as the final image and are therefore much
easier to fabricate. Another advantage is that mask defects and imperfections are also reduced in
size and hence become less severe. Only a small region of the wafer, also called field, is exposed
at a time (typically 0.5-3 cm2). Between exposures the wafer must be mechanically moved to the
next field, hence the common name stepper.
Pupil plane

Source

Photo-mask

Image plane (wafer)
Projection optics

Figure 2.1: Optical diagram of the photolithographic stepper

The illuminator consists of a source, aperture and condenser lens. The condenser lens in
the illuminator is set up in such a way that the light source is at the front focal plane. This type of
illuminator configuration is called a Koehler illumination system [1]. The advantages of the
Koehler illumination system is that each point in the source contributes to a plane wave incident
on the mask and thus the entire mask is uniformly illuminated. The trend in source has been
constantly moving to shorter wavelengths since the shorter wavelength allows for smaller
resolution limit due to diffraction. In the early days of steppers, a xenon discharge lamp was used
with optical filter to produce a G-line (436nm) source. The typical resolution of those G-line
4

steppers was 0.8~1.0µm. In the mid 90’ state of art I-line (365nm) steppers with resolution
enhancement techniques were used to fabricate 0.35µm features. Today the excimer laser based
stepper with wavelength of 248nm (KrF), 193nm (ArF) are in use for production of 0.18µm,
0.13µm and 90nm features with the help of several resolution enhancement techniques. Along
with the trend towards shorter wavelengths, the numerical aperture of optical system has
increased significantly in order to improve the optical resolution. The technical challenge is to
produce very large lens with very little aberrations and high transparency in the DUV
wavelength. The numerical aperture of the lens has undergone continual increase too. In the early
days of G-line steppers 0.3~0.35 were normal numerical apertures, but it’s more than 0.7 in
today’s state of art excimer laser based steppers producing 0.13µm or smaller features.
We will briefly discuss the optics of stepper being used in photolithography in order to
understand the properties of several types of photo-masks to be discussed later. Basically the
exposure light is diffracted by the mask and imaged through the stepper onto the image plane at
the wafer. The reduction ratio of this imaging is usually 5:1 or 4:1, which means that features on
the wafer are several times smaller than the corresponding objects on mask. The imaging part of
the stepper consists of two major lens groups, and each of them is facing the mask object and
wafer respectively. In between the two lens groups, there is a pupil plane where the Fourier
spectrum of mask object is projected. This is also where the image of the source is formed. It is
convenient to represent this pupil plane on the spatial frequency coordinate. The low spatial
frequency components of mask pass closer to the center of the pupil, whereas higher frequency
components are nearer the edge of the pupil. The highest frequencies are cut off by the pupil, and
this determines the numerical aperture (NA) of imaging system. The unblocked frequency
components are recombined at the wafer plane to form the image of mask. The rays propagating
5

with small angles carry the low spatial frequency information, and those propagating at higher
angles carry the higher frequency data. The maximum spatial frequency corresponds to an angle
θ, the sine of which is the numerical aperture of the system. We can therefore associate each
image forming ray with a spatial frequency pair (f, g). Then, we can represent the strength of this
~
component of ray by O ( f , g ) . This is essentially the mask spectrum, which is the Fourier

spectrum of the mask pattern O ( x, y ) .
~
~
The imaging field distribution resulting from the ray O ( f , g ) is O ( f , g )e − i 2π ( fx + gy ) , where

(x, y) is imaging plane coordinate. The total imaging field is computed by summing all these ray
components [2].
∞

E ( x, y ) =

~

~

∫ P ( f , g )O ( f , g )e

− i 2π ( fx + gy )

(2.1)

dfdg

−∞

~
The pupil function P ( f , g ) in the above equation represents the transmission function in the
~
pupil plane. For the simple system as shown Figure 2.1, P ( f , g ) is one for transmitted

frequencies and zero the cut off frequencies. The image intensity at the wafer plane is given by
the absolute square of equation (2.1).
∞

~
~
I ( x, y ) = E ( x, y ) = ∫ P ( f , g )O ( f , g )e −i 2π ( fx + gy ) dfdg
2

2

(2.2)

−∞

Equations (2.1), (2.2) indicate that the image is formed by Fourier transformation of the product
~
~
of the pupil function P ( f , g ) and the mask spectrum O ( f , g ) . This means that for each spatial
~
frequency (f, g), the mask spectrum is modified by the projection system response P ( f , g ) at the
~
same frequency. The image is formed by interference of these light rays ( O ( f , g )e − i 2π ( fx + gy ) )

6

~
over all relevant frequencies in P ( f , g ) , with each light ray propagating in the direction ϑ given

by sin ϑ = λ f 2 + g 2 . For the circularly symmetric optical system typical in photolithography,
the pupil function is simply of circular function form.
f 2 + g2
~
P ( f , g ) = circ(
)
NA / λ
This function is one for ρ =

(2.3)

f 2 + g 2 ≤ NA / λ , and zero otherwise. Thus the image is formed

from the interference of rays with frequency components within the circular function of (2.3).

2.1.2 Resolution limits for single line and amplitude grating object
Since the stepper is an imaging system with finite pupil size, it is expected to have certain
resolution limitation due to the diffraction from the pupil edge. We will consider two typical
mask objects, single line of opening and binary amplitude grating. In coherent imaging systems,
it is very useful to express spatial variables in the unit of λ/NA and spatial frequency in the unit
of NA/λ, since this is related to the cut off frequency from the pupil. From now on, all the
quantities normalized by these factors will be denoted by putting the cap symbol above it.

7

(a)

(b)
Figure 2.2: (a) Single opening with width d = dˆ (λ / NA) (b) Periodic mask pattern with opening
width d = dˆ (λ / NA) and period p = pˆ (λ / NA)

Let’s first examine the image of single opening of width d = dˆ (λ / NA) as shown in
Figure 2.2(a). For this structure, the mask object function Oˆ ( xˆ ) is one for xˆ ≤ dˆ / 2 and zero
otherwise. The mask spectrum of this amplitude structure becomes sinc function as the following
expression.

~
sin(πdˆfˆ )
Oˆ ( fˆ ) = dˆsinc(dˆfˆ ) =
πfˆ
Now, substituting equation (2.4) into (2.2) gives
8

(2.4)

Iˆ( xˆ ) =

2

1

−i 2πfˆxˆ
∫ dˆsinc( fˆdˆ )e dfˆ

(2.5)

−1

For a small opening, the sinc function in the above integral approaches one. In this limit, the
image intensity (2.5) becomes

Iˆ( xˆ ) = 4dˆ 2 sinc 2 (2 xˆ )

(2.6)

Thus the image intensity is proportional to the square of the opening width d, but the shape of
image is independent of the size, being determined only by the optical system parameters λ and
NA. As long as the opening size is small ( d̂ << 1 ), the image intensity is the square of sinc
function with maximum peak at the center of opening region and drops to zero at x̂ = n / 2 ,
where n is the integer value. This means that the width of image is about λ/NA regardless of the
opening size [2].
Now consider a periodic pattern with spatial period p = pˆ (λ / NA) and opening width
d = dˆ (λ / NA) as shown in Figure 2.2(b). In this case, the mask object function Oˆ ( xˆ ) is one if

xˆ ≤ dˆ / 2 , and zero otherwise. Then, the mask spectrum becomes

~
Oˆ ( fˆ ) =

∞
n
sin(πdˆfˆ ) i 2πfˆnpˆ dˆ
ˆfˆ )
=
δ ( fˆ − )
e
d
sinc
(
∑
∑
ˆ
pˆ
pˆ
πf
n = −∞
n = −∞
∞

(2.7)

The infinite summation is due to the periodicity of the pattern. Because of the delta function, the
mask spectrum is discrete rather than continuous. The frequencies are evenly spaced with
separation of 1 / p̂ . Substituting equation (2.7) into (2.2), the image of periodic pattern becomes
∞
dˆ
n
ˆ
Iˆ( xˆ ) = ∫ sinc( fˆdˆ )e −i 2πfxˆ ∑ δ ( fˆ − )dfˆ
pˆ
pˆ
−∞
−1
1

9

2

dˆ
= ( )2
pˆ

mdˆ
sinc
(
)e
∑
pˆ
m = − m0
m0

−i 2πmxˆ 2
pˆ

(2.8)

The maximum positive integer m0 for the summation index is determined by the integration limit
from the numerical aperture, and is given by the maximum integer that doesn’t exceed p̂ . To
ensure a non-zero image contrast, there should be interference from more than one beam, i.e.,
m0 ≥ 1 . Since m0 ≤ pˆ from the cut off condition, this means pˆ ≥ 1 . At the limit of pˆ = 1 , the
image is synthesized from three diffracted orders: a ray propagating in the incident direction (0th
order), a ray traveling in the direction of θ = sin −1 ( NA) (+1 order), and another ray traveling in
the direction of θ = − sin −1 ( NA) (-1 order). The image intensity in this case is obtained by
inserting m0=1 in equation (2.8).
2
dˆ
Iˆ( xˆ ) = ( ) 2 1 − 2sinc(dˆ ) sin(2πxˆ )
pˆ

This three beam imaging situation of grating object is illustrated in Figure 2.3.

Figure 2.3: The three beam imaging of binary grating mask though the stepper
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(2.9)

If pˆ drops below one, the image intensity will be constant of ( dˆ / pˆ ) 2 . The imaging
system will then capture only the DC ray component, and there will be no modulation regardless
of the value of d̂ . So, in the imaging of periodic patterns, the theoretical resolution limit is
dependent only on the period pˆ and not on the opening width d̂ . The minimum resolvable
period for coherent imaging is

pˆ min = 1 or p min = λ / NA

(2.10)

However, one usually considers the theoretical resolution limit in terms of minimum feature size
instead of minimum pitch (period). Typically the minimum dimension of period pattern is half
pitch hˆ = pˆ / 2 . In terms of feature size, the resolution limit of coherent imaging is then

λ
hˆmin = 0.5 or hmin =
2 NA

(2.11)

It is useful to examine the mask spectrum expression of (2.8) for a binary amplitude
grating to understand how the diffracted orders change with variations in pitch p̂ and opening
width d̂ . For a periodic pattern the spectrum is nonzero only at discrete frequencies of multiples
of 1 / p̂ . The magnitudes of spectrum at these frequencies are proportional to the product of the
sinc function envelope sinc(dˆfˆ ) and the ratio of the opening size to the pitch. An example of
spectrum of a mask with dˆ = 0.5 and pˆ = 3 is shown in Figure 2.4(a).
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(a)

(b)

(c)
Figure 2.4: Mask spectrums for three different combinations of d and p. Line curve is the overall
envelope. (a) dˆ = 0.5 pˆ = 3 , (b) dˆ = 0.5 pˆ = 2 , (c) dˆ = 1 pˆ = 3

Since the sinc function depends only on the opening size d, varying the pitch of a
structure without changing the width has no effect on the envelope except for its magnitude
through the ratio ( dˆ / pˆ ). The main effect of pitch variation is to change the spacing between the
discrete frequencies. As the pitch increases, more diffracted orders are captured by the pupil. On
12

the other hand, decreasing the pitch increases the separation between the frequencies and the
image is synthesized from fewer waves, resulting in greater loss of original pattern information.
Figure 2.4(b) shows the case of pˆ = 2 and dˆ = 0.5 as compared to Figure 2.4(a). If the pitch is
now fixed and the opening width changes, the spectrum envelope broadens or narrows according
to the size change, but the frequency spacing stays constant. Therefore, changing the size but not
the pitch does not change the number of waves contributing to the image formation, and only
their magnitudes vary as illustrated in Figure 2.4(c) for pˆ = 3 and dˆ = 1 .
The mask spectrum for a periodic object is best illustrated by the pupil diagram in the
unit of spatial frequency NA/λ. The unit circle in this diagram represents the radius of the pupil
which sets the maximum spatial frequency being used for the image formation. Figure 2.5(a)
shows the pupil diagram for a 1D line grating object with pˆ = 5 / 4 , and Figure 2.5(b) is the case
for a 2D square grating object with pˆ x = 5 / 4 and pˆ y = 1 .

(a)

(b)

Figure 2.5: Pupil diagram of the mask spectrum of binary amplitude grating with period allowing
three propagating orders within the pupil radius of NA/λ.
(a) 1D mask with pˆ = 5 / 4 (b) 2D mask with pˆ x = 5 / 4 and pˆ y = 1
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2.1.3 Partially coherent imaging
In our discussion of the resolution limit for a single opening and period pattern of mask so far,
we assumed that the imaging system is completely coherent. This means that the source is just a
point emitting coherent monochromatic spherical wave toward the mask. But, in reality there is
both a spatial and spectral finite size of the source. Since the stepper has a narrow band spectral
filter, we will assume that the source is temporally coherent, but has some finite size causing the
spatial partial coherence on the imaging system.
In partially coherent imaging, the mask is illuminated by the light traveling in various
directions within a certain angle proportional to the spatial width of the source. The source points
generating these illuminating rays are incoherent with respect to each other, so that there is no
interference that can lead to non-uniform light intensity on the mask. The image can thus be
calculated by adding the images arising from all these incident light sources as given by the
following equation [2].

∑ a Iˆ ( xˆ, yˆ )
Iˆ( xˆ , yˆ ) =
∑a
s s

s

(2.12)

s

s

In the above equation, as is the strength of source point s. The summation in the denominator is
for normalizing the image intensity such that the intensity of a clear area is one. If we consider
the image Iˆs ( xˆ, yˆ ) arising from a source point s, an image of s is formed in the pupil plane. We
can associate with the source point a coordinate pair ( f s , g s ) corresponding to the location of its
image in the pupil. For an on-axis source this coordinate is (0, 0), and this point source was
assumed in our discussion of coherent imaging. For a general off-axis source point, this
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ˆ

coordinate is not (0, 0) and it creates the off-axis plane wave component e i 2π ( f s xˆ + gˆ s yˆ ) in the mask
amplitude. From the Fourier transform property of this exponential function, the mask spectrum
at the pupil plane will be shifted by ( f s , g s ) . This is equivalent to replacing the mask spectrum

~
~
function Oˆ ( f , g ) in equation (2.2) with Oˆ ( f − f s , g − g s ) . The effect of a shifted mask spectrum
is most dramatic for the 2D grating object with period p̂ close to 1.

(a)

(b)
Figure 2.6: (a) A grating mask illuminated with two beams. (b) The discrete frequencies of mask
spectrum resulting from off-axis source component.
15

For example, if the value of the off-axis frequency coordinate ( f s , g s ) is (0.2, 0.3), as
shown in Figure 2.6(b) some original components will be out of the pupil and some other
components previously out of the pupil will now come in the pupil and contribute to the image
formation. It is the effect of these newly added frequency components which are responsible for
a little improved resolution for partially coherent source over coherent source. The concept of
effective source is helpful in understanding the mechanism of a partially coherent imaging. The
effective source is the image of the illumination source in the pupil. It can be considered as the
composite spectrum arising from all illumination light rays in the absence of mask diffraction.
Usually we overlay the source/mask spectrum with the pupil circle corresponding to the radius of
frequency equal to 1. The actual radius of frequency on the pupil circle is NA/λ since the
frequency is normalized on this plot. For example, if the mask is illuminated by two waves of
equal intensity, one normally incident on the mask and the other propagating in a direction of
~
( f s , g s ) =(0,0), the effective source Jˆ ( fˆ , gˆ ) looks like Figure 2.7(a) and is described by

~
1
Jˆ ( fˆ , gˆ ) = [δ ( fˆ , gˆ ) + δ ( fˆ − 0.2, gˆ − 0.3)]
2

(2.13)

The typical illumination source in optical lithography is of uniform circular disk form in the
fˆ − gˆ plane with radius σ (Figure 2.7(b)) and can be described by

~
fˆ 2 + gˆ 2
1
1
if
Jˆ ( fˆ , gˆ ) =
circ
(
)=
2
2

πσ

σ

πσ

fˆ 2 + gˆ 2 ≤ σ , 0 otherwise

(2.14)

In the above equation, σ is the partial coherence factor. The smaller the partial coherence factor,
the higher the degree of illumination coherence. Coherent imaging corresponds to σ=0, which
means a single point source. On the contrary, a large partial coherence factor means low degree
of spatial coherence.
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(a)

(b)

Figure 2.7: Examples of effective source on normalized pupil plane. (a) Two point sources of
equation (2.13). (b) A single source with partial coherence σ (the radius of circular disk at
center).

Imaging intensity with partially coherent light given by equation (2.12), can be rewritten
in terms of the effective source distribution by generalizing the summation to an integral.
~
~
~
~
~
Iˆ( xˆ , yˆ ) = ∫∫ Jˆ ( fˆ , gˆ ) Pˆ ( fˆ + fˆ ′, gˆ + gˆ ′) Pˆ ∗ ( fˆ + fˆ ′′, gˆ + gˆ ′′)Oˆ ( fˆ ′, gˆ ′)Oˆ ∗ ( fˆ ′′, gˆ ′′)
e

− i 2π [( fˆ ′− fˆ ′′ ) xˆ + ( gˆ ′ − gˆ ′′ ) yˆ ]

dfˆdgˆdfˆ d′ gˆ ′dfˆ ′d′ gˆ ′′

(2.15)

~
For coherent imaging, Jˆ ( fˆ , gˆ ) = δ ( fˆ , gˆ ) , and the above expression reduces to (2.2). Although it

is useful to introduce the concept of transmission cross-coefficient (TCC) to understand the
partially coherent imaging equation (2.15), we will rely on the intuitive concept of effective
source distribution to explain the effects of partially coherent imaging. The TCC is the
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generalization of the well known modulation transfer function MTF to the partially coherent
imaging and is well described in the books by E. Wolf and J. Goodman.
In order to understand the resolution limit of a grating object under partially coherent
illumination, let’s consider effective source diagrams of the grating object as shown in Figure
2.8. If the grating line is along the y-direction, there will be only fˆ components of spatial
frequency. For the frequency fˆ of first order less than 1-σ, all three 0, ±1 orders will have spots
within the circular pupil zone (Figure 2.8(a)). The image will be formed by the interference of
three beams in this case. For 1 − σ < fˆ < 1 + σ , the spots of ±1 orders will be partially inside the
pupil zone. Still there will be an image from three beams, but with reduced contrast due to
weakened ±1 orders. Some frequency components for ±1 orders are lost. Finally, for fˆ > 1 + σ ,
the spots from ±1 orders will be outside the pupil zone and there will be on 0th order (DC
component) in the pupil, thus it makes no image contrast at all. Since the period of the grating
object is the inverse of spatial frequency, the cut-off period is given by
pˆ min =

1
1
for σ < 1 ,
for σ ≥ 1
1+σ
2

(2.17)

For the grating object with half duty cycle, the minimum half-pitch ĥmin is just half of the p̂ min .
Thus the resolution limit for partially coherent imaging is more complicated than coherent
imaging. We can improve the resolution limit by increasing the partial coherence factor σ at the
expense of reduced contrast. For small features close to the resolution limit, the resolution is the
primary concern and large σ is beneficial for it. But for intermediate and larger features, smaller
partial coherence makes a more robust image with high contrast.
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(a)

(b)

Figure 2.8: Mask spectrum from 0, ±1 orders of grating mask at the pupil plane. (a) For the
grating frequency of fˆ < 1 − σ . (b) For the grating frequency of 1 − σ < fˆ < 1 + σ

2.1.4 Aerial image calculation algorithm for partially coherent imaging
The partially coherent imaging integral (2.15) is based on the scalar diffraction theory, but it is
still very complex and usually impossible to compute with analytic method. Therefore, it should
be performed in numerical fashion by utilizing a two dimensional FFT and suitable summation
for effective source points. Let go(x, y) be the 2D object amplitude at the mask plane. For
simplicity we consider a monochromatic coherent imaging situation, and will take into account
the partial coherence later. Upon exposure, the mask will receive a collimated uniform incident
light from the condenser and the light of various spatial frequency components will propagate
through the imaging lenses. The highest frequency will be cut off by the pupil edge. If we
19

neglect the partial coherence of the illuminating source, then from the transfer function method
of Fourier optics the imaging amplitude gi(x,y) is given by the following relations.
G ( f , g ) = H ( f , g ) FT [ g o ( x, y )]

(2.18a)

g i ( x, y ) = FT −1 [G ( f , g )]

(2.18b)

In the above equations, H(f, g) is the transfer function of the stepper, and G(f ,g) is the Fourier
spectrum of the object amplitude go(x,y) at the pupil plane of the stepper.
The partial coherence of the source is taken care of by multiplying the object amplitude
function go(x,y) with the plane wave component e j 2π ( f s x + g s y ) from the source point of spatial
frequency (fc, gc). For on-axis point source this spatial frequency (fc, gc) is zero, but for other
source points on off-axis, it’s not zero and creates imaging intensity due to this point source. The
angular size of the source is the degree of partial coherence, and is represented by the partial
coherence factor σ, which is the ratio of numerical aperture of the condenser to numerical
aperture of the stepper. So, the smaller the source, the smaller the partial coherence factor and
it’s more like coherent imaging. Then the final image amplitude g i ( x, y ) and intensity I i ( x, y )
can be computed according to the following sequence of equations.
g o ( x, y ) = t ( x, y ) exp[ j 2π ( f c x + g c y )]

I i ( x, y ) =

(2.19a)

Go ( f , g ) = FT [ g 0 ( x, y )]

(2.19b)

g i ( x, y ) = FT −1 [Go ( f , g ) H ( f , g )]

(2.19c)

∑ g ( x, y )

(2.19d)

∀( f c , gc )

i

2

for all f c2 + g c2 ≤ σ 2 NA 2 / λ2

The set of equations above is the basis of the Matlab code for aerial image computation.
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2.2. Computation of bulk image intensity in photo-resist
The aerial image calculation algorithm only computes the image intensity at a single plane in the
air. Due to the finite thickness of photo-resist, the focusing light is bended at the photo-resist
surface and propagates within the resist film. Afterwards, the light inside the photo-resist
undergoes absorption, reflection at the substrate boundary and interference with the backward
light. Thus, the calculation of full 3D intensity inside the resist film accounts for all those effects
occurring within the resist.
In order to calculate the three dimensional image inside the finite photo-resist, the
defocus effect should be considered. The defocus means the shift of vertical position of image
plane which moves it away from the best focal plane. The defocus error in the stepper system can
be caused by non-flat wafers, auto-focus failure, and the wafer stage leveling error. Even if those
conditions are perfectly adjusted, there is a fundamental defocus effect inside the volume of
photo-resist at positions which don’t lie in the best focal plane. If there is an error of vertical
wafer position D in the air, the imaging plane waves don’t converge at the wafer. The phase error
function describing the defocus writes to
Φ ( x, y ) = k z D = D k 2 − k x2 − k y2

(2.20a)

Here kz is the z component of imaging wave vector. Under the paraxial approximation, this
expression further simplifies to
Φ ( x, y ) = kD −

k 2 2
k
(i x + i y ) D = kD − λ2 ρ 2 D
2
2

(2.20b)

Here ix, iy are the x, y components of normalized wave vector and ρ is the radial spatial
frequency (

f 2 + g 2 ) at the pupil plane. The first term is a constant phase shift and can be
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neglected in the image modeling. The effect of the defocus distance D on the image can be
implemented by multiplying the coherent transfer function H (f, g) by the following wave front
phase factor from the above phase shift function.
WD ( ρ ) = exp( jπλDρ 2 )

(2.21)

In order to account for the refraction of light occurring at the air/photo-resist interface,
we can use the well known scaled defocus method which is the first order correction to the
simpler vertical propagation method [19]. According to the scaled defocus method, the effective
defocus at the distance z from the resist surface is given by
Deff ( z ) = D − z / n r

(2.22)

Thus, we can put the effective defocus (2.22) into the wave front error factor (2.21), and
calculate the image intensity I Deff ( x, y ) at the resist depth z using the modified transfer function
multiplied by (2.21). We need to also account for the effect of absorption and the interference
due to backward reflected light. This is called the standing wave effect. The situation for the
standing wave in a single layer film, relevant parameters are illustrated in Figure 2.9, and the
expression for standing wave is given by

τ 12 (e − j 2πn z / λ + ρ 23τ D2 e j 2πn z / λ )
E s ( x, y , z ) = E 0
1 + ρ12 ρ 23τ D2
2

2
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(2.23)

Figure 2.9: Photo-resist being exposed

The 3D bulk intensity inside the resist film is then obtained by the product of I Deff ( x, y ) and the
standing wave intensity I s (z ) .

I ( x, y, z ) = I Deff ( x, y ) I s ( z )

(2.24)

Another important part of the modeling/simulation of photolithography is the process of
photo-resist exposure and development. This process begins with the computation of 3D bulk
image intensity inside the photo-resist. Once we have the 3D bulk image intensity, we can
proceed to compute the exposure process in the resist with known parameters of the film.
Following the common Dill’s model, the absorption coefficient of the resist film is expressed as

α = Am + B , ( m = M / M 0 )

(2.25)

Where A, B are the bleachable and non-bleachable absorption coefficient respectively, and m is
the relative concentration of photoactive compound M normalized by the initial concentration M0.
By analyzing the rate equation for M under photochemical reaction, we can easily arrive at the
following exposure rate equation.
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dm
= −CI ⋅ m
dt

(2.26)

C is the third Dill’s parameter which is the standard exposure rate constant. During the exposure
process, both standing wave intensity Is(z; t) and PAC concentration m(x, y, z; t) are the
functions of position and time. Initially, the PAC concentration distribution is simply m(x, y, z;
0) =1 and the standing wave intensity Is(z; 0) is given by equation (2.23) with κ = ( A + B)λ / 4π
being the imaginary part of the film refractive index n2. It is assumed that the bulk intensity stays
stationary during a small time step ∆t. Then, the PAC concentration m(x, y, z; ∆t) at the next time
step can be obtained by integrating equation (2.26) from t=0 to t=∆t. This m(x, y, z; ∆t) again can
be put into equation (2.23) to calculate the new standing wave Is(z; ∆t) at t=∆t. This procedure is
repeated until the time parameter reaches full exposure time t=T, and we get the final PAC
concentration m(x, y, z; T), and standing wave intensity Is(z; T).

2.3. Fundamentals of most common photo-masks

2.3.1 Binary amplitude mask
The binary amplitude mask was the first type of photo-mask which has been used extensively
since the early days of optical lithography for IC fabrication. A binary mask consists of a
transparent plate called a blank, covered with a patterned film of opaque material. The amplitude
transmission characteristic is a binary one, i.e., ``1'' for transparent and ``0'' for opaque. The
blank is made of soda lime, borosilicate glass, or fused quartz. The advantages of quartz are its
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good transparency even for DUV wavelengths down to 193 nm and its very low thermal
expansion coefficient. The low expansion coefficient becomes very important for small
minimum feature sizes and large die sizes. The opaque material is typically a very thin film
(<100nm) of chrome, covered with an anti-reflective coating, such as chrome oxide, to suppress
interferences at the wafer surface. High quality photo-masks must meet stringent requirements in
flatness, accuracy of pattern placement, minimum feature size, line-width control over the entire
mask area, and defect density. The most common exposure tool to prepare binary masks is an
electron-beam system.
In optical viewpoint, this mask represents optical transmittance which acts only on the
amplitude of incident light in the binary fashion (0 or 1) as illustrated in Figure 2.10.
Consequently the transferred pattern in photo-resist after developing is also a binary profile. This
type of mask is used for transferring binary patterns to the photo-resist. In the case of a binary
amplitude grating mask, the cut-off period is given by the following expression as discussed
earlier.
pˆ c =

λ
(1 + σ ) NA

Figure 2.10: Shape and amplitude of binary amplitude mask
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(2.27)

2.3.2 Gray-scale mask
The gray-scale mask is a relatively recent mask technology which is patented by Canyon
Materials (http://www.canyonmaterials.com), Inc. A continuously varying optical density is
implemented in the so called HEBS glass photo-mask using an electron beam pattern generator.
HEBS stands for High Energy Beam Sensitive glass. HEBS glass turns dark immediately upon
exposure to an electron beam. The greater electron dose causes a darker spot exposed on the
glass without graininess. According to Canyon Materials, the minimum spots size of 0.1µm and
maximum gray level of 500 is possible as well as user assigned/required optical density on each
spot. In optical viewpoint, this mask represents a continuously varying optical amplitude
function. It modulates the amplitude of the incident beam by multiplying this continuous
amplitude function. The resulting image intensity becomes a continuous profile similar to that of
object mask [16], [17].
The primary application of the gray-scale mask is the fabrication of continuous relief
micro-optics such as micro-lens, diffractive lens, sinusoidal grating, and any other continuous
profiles. The drawback of this mask is that it is a relatively expensive patented technique and that
it requires user calibration of optical density for a specific exposure tool.

2.3.3 Half-tone mask
The half-tone mask is basically a two dimensional binary amplitude grating mask with very
small pixels varying locally in size. The period of the pixel is chosen to be small enough to
ensure that only the 0th order diffracted light will be imaged through the stepper. The shape of
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the pixel element is usually square as shown in Figure 2.12. The black square pixel in each
square pitch is the opaque chrome region on the transparent background of mask plate. The 0th
order transmittance of this type of grating mask is the function of area ratio of opaque pixel and
the pitch containing it. So, by varying the pixel area as a function of position on the mask, we
can vary the 0th order transmittance in an analog fashion and use this type of mask for fabricating
analog resist profile [13]. The main drawback of this mask is the scattered light noise due to the
edge diffraction at the opaque pixels.

Figure 2.11: Half-tone mask.

Considering the diagonal diffraction order, the cutoff period for this type of binary
amplitude grating is given as
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pc =

λ
2 (1 + σ ) NA

(2.28)

Thus, if we have continuously varying square pixels with a period smaller than the above cutoff
period, we can create analog optical intensity coming through this type of mask.

2.3.4 Phase shifting mask
In the early 80’s the use of phase shift masks was proposed as a resolution enhancement
technique for photolithography [10]. This photo-mask technique turned out to be very successful
and is being used commonly in the semiconductor manufacturing industry. The basic idea is to
implement π phase shift in the alternating opening regions of periodic binary amplitude pattern.
This phase shift causes the reversal of E field sign with respect to the adjacent no phase shift
region as shown in Figure 2.12. This alternating reversal of E field sign leads to the cancellation
of DC components in the optical field at the pupil and the reduction of frequency spacing from
∆f = 1 / p to ∆f = 1 / 2 p for the period of p.

Figure 2.12: Amplitude and intensity of phase shift mask
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The alternating phase shift mask is basically a binary amplitude grating mask with
alternating 0 and pi phase implemented in the open regions of the grating. So, the electric field at
the open regions of grating will be of square wave form with the alternating sign of ±1 as shown
in Figure 2.12. The mask spectrum of this type of mask with half duty cycle can be obtained by
the analytic Fourier transform as
∞
~
1
pˆ fˆ
n
Oˆ ( fˆ ) = sinc( ) sin(πpˆ fˆ ) ∑ δ ( fˆ −
)
2
2
2 pˆ
n = −∞

(2.29)

Notice the presence of the sine function factor and the halved frequency spacing of 1/(2p) due to
alternating phase shift. In case of conventional binary amplitude grating of half duty cycle, there
is no sine function factor and the frequency spacing is 1/p. Due to the sine factor, the 0th order
DC component becomes zero at fˆ = 0 as well as all higher even orders, which results in higher
image contrast [2]. Also the halved frequency spacing allows for printing of a smaller period of
grating, thus enhancing the resolution beyond the diffraction limit. The comparison of mask
spectrum at the pupil for both conventional and alternating phase shift mask is illustrated in
Figure 2.13.
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(a)

(b)

Figure 2.13: Mask spectrum at pupil of (a) Conventional binary amplitude mask, and (b)
Alternating phase shift mask.

In order to verify the effect of alternating phase shift, we computed the aerial image of a
binary amplitude grating of half duty cycle with period of 1 under partially coherent illumination
of σ=0.5 (Figure 2.14(a)). Since this period is the cut-off of 1, the image contrast will come from
the ±1 order falling partially into the pupil circle and it will result in a low contrast image. We
also computed the aerial image of the same binary amplitude grating but with the alternating
phase shift implemented (Figure 2.14(b)). It is evident that the PSM technique greatly enhances
the contrast of the aerial image.
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(a)

(b)
Figure 2.14: Comparison of aerial images of binary amplitude grating of period pˆ = 1 . (a)
Conventional binary amplitude grating. (b) The same grating mask with alternating phase shift.

We can also consider a pure phase shift mask having no chrome layer for binary
amplitude. The simplest mask of this type would be a binary square phase mask with phase
difference of π between top and bottom phase. This mask also generates odd diffraction orders
with no DC components. But, unlike the alternating phase shift mask for resolution
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enhancement, the periodicity in image intensity is reduced by half rather than doubled. Thus this
type of mask is useful for generating sinusoidal resist profiles with doubled frequency.

2.4. Modified off-axis illumination for projection lithography
In our discussion on the optics of stepper, the illumination source was just a simple circular disk
on axis with its size determined by the partial coherence factor σ. For the features much greater
than λ/NA there is little need to modify the illuminating light for the mask. However, as the
feature size approaches the wavelength of the illuminating light along with high numerical
aperture for high resolution, the modification of the source illumination pattern can greatly
extend the resolution limit as well as the depth of focus. This is possible by reducing the amount
of background light that does not contribute to the image contrast. In order to understand this
principle, let us consider a simple dipole illumination pattern. When two coherent waves
interfere to form a sinusoidal image of a grating, the interference intensity distribution has a
period given by
p=

λ
2 sin(φ / 2)

(2.30)

Where φ is the angular separation between the two imaging waves. Since the relative phase
between the two waves does not change with focus variation, the formation of the grating image
by only two beams has the advantage of an increased depth of focus.
In order to create such a two-beam imaging situation for the grating object, we can make
use of the effective source made of two separated points (Figure 2.15a).
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1
2 p̂

(2.31a)

1
J ( fˆ , gˆ ) = [δ ( fˆ + νˆ, gˆ ) + δ ( fˆ − νˆ, gˆ )]
2

(2.31b)

νˆ =

(a)

(b)

Figure 2.15: Effective source spectrums of off-axis source. (a) Dipole (b) Quadruple

As we know from our discussion of a partially coherent source, such an off-axis point
source would shift the mask object spectrum by ± 1 /( 2 p ) at the pupil plane. For the grating
object with the period slightly less than cut-off ( pˆ < 1 ), this type of dipole source would put 0,
±1 orders at only ± 1 /( 2 p ) as shown in Figure 2.16. The benefit of this source configuration is in
that it eliminated the DC background light for higher image contrast and increased the depth of
focus by using the symmetric dipole. In reality the source usually has finite size proportional to
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the partial coherence factor σ, so the expression (2.31b) should be convolved with the effective
source (2.14). In this case, smaller partial coherence would make it a more effective dipole
source closer to the ideal coherent source expression (2.31b).

Figure 2.16: For a dense pattern of pˆ < 1 illuminated by an off-axis source of (2.30), 0, ±1 orders
are located symmetrically about the origin with no DC component.

Dipole illumination is very useful for extending the depth of focus and improving the
resolution limit for the mask features like line gratings. But for a two dimensional periodic mask
object, more off-axis source elements are needed to enhance the resolution limit in two
dimensions. An efficient off-axis illumination for every orientation of mask feature can be
achieved with quadruple configuration of effective source as shown in Figure 2.15(b). It is
basically two perpendicular dipoles combined and rotated 45 degrees. Its effective source can be
expressed by the following form.
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1
Jˆ ( fˆ , gˆ ) = [δ ( fˆ m ν , gˆ m ν )]
4

(2.32)

Here, it consists of four terms of delta functions with all possible combinations of signs forν .
For radially symmetric patterns, annular illumination can be used for the best resolution
enhancement. In this case, the effective source pattern is a ring with finite width defined by outer
radius σout, and inner radius σin.
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CHAPTER THREE: HYBRID DIFFRACTIVE PHOTOMASK FOR
CHARACTERIZING THE STEPPER ABERRATIONS

3.1. The principle of aberration characterization using modified illumination from
diffractive photo-mask

3.1.1 Motivation
As a first demonstration of usefulness of the hybrid diffractive photo-mask technique, the
aberration characterization for the stepper system was studied. For optical exposure equipment,
such as a stepper, in the fabrication of semi-conductor integrated circuits, aberration in the
imaging system causes a degradation of the printed image quality as well as a significant
reduction of focus latitude in the lithography process [3]-[5]. In order to predict this and
minimize its adverse effects on the image, a reliable measurement technique for characterizing
aberration in the exposure equipment is necessary. The lens manufacturers typically use high
precision interferometric tools for measuring the wave-front aberrations during the assembly of
the projection imaging system. However, interferometric techniques cannot be applied to the
fully assembled exposure system, especially after all the lenses are mounted into the system.
Therefore, one can only analyze aberrated images in the photo-resist on the wafer to find out the
types of aberrations present in the imaging system [4], [5].
Over last a few years, a variety of methods for measuring aberrations in the lithographic
exposure tool were proposed. In general, they belong to one of two categories. Early reports
mainly used binary amplitude gratings of multiple periods and orientations in the chrome mask
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[4], [5]. The multiple grating periods sample various radii in the exit pupil of the projection
optical system. More recently, techniques based on using the pure phase grating mask were
reported [7], [8]. Depending on the type of aberration considered, a shift of the best focus or
lateral shift of the image is measured [5], [6]. The even aberrations such as spherical aberration
and astigmatism cause shift of best focus depending on the shape and orientation of objects in the
mask. The odd aberrations, such as coma, cause placement errors and a variation of linewidth at
two ends of the dense lines1. Some of these reported methods were shown to be quite accurate
and in good agreement with interferometric measurement data. However, these methods usually
involve a complex data processing procedure such as curve fitting for Zernike polynomials,
and/or a spectral analysis of the measured plots of focus shift (or lateral shift) vs. a certain
parameter. Also, higher order aberrations beyond 5th order are fundamentally very difficult to
measure accurately with these proposed methods.
Therefore, we looked into the possibility of exploiting both amplitude and phase masks
on opposing sides of the photo-mask for easier, more efficient aberration characterization.
Instead of using multiple periods of amplitude gratings for pupil sampling, we can actually make
use of multiple illumination settings from a phase grating mask to achieve the pupil sampling.
We discovered that the response of the aberrated image to each illumination shape is slightly
different. Therefore, this property can be utilized to calculate a specific type of aberration
provided that those different imaging results from multiple illuminations are measured with good
accuracy.
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3.1.2 Theoretic background for aberration characterization of stepper
In this section, we consider the theoretical basis of the aerial image simulation for the
photolithography. The stepper is basically an imaging system for a photo-mask with an image
reduction ratio as described in chapter 2. The wave-front aberration is a departure of real wavefront from ideal spherical wave-front at the exit pupil of the imaging system, leading to a shift
and deformation of the image. There are two basic representations of wave-front aberration,
Seidel and Zernike polynomials. For lens design purposes, Seidel representation is preferred but
for metrology purpose, the Zernike orthogonal circle polynomial representation is more
convenient. If there is wave front aberration W in the imaging system, the transfer function H is
modified according to
2π
Hˆ ( fˆ , gˆ ) = H ( fˆ , gˆ ) exp[i
W ( ρ ,θ )]

λ

(3.1)

Where (ρ,θ) is polar coordinate of the normalized pupil coordinate ( fˆ , gˆ ). This modified
transfer function should be used instead in the algorithm previously introduced. In order to
calculate the aberrated aerial images with the given Zernike coefficients, we made an aerial
image simulation program.
According to the power of ρ in the wave-front aberration polynomial, the aberration is
classified largely as even and odd aberrations. Even type aberrations include spherical aberration,
astigmatism, field curvature, and odd type aberrations consist of coma and distortion. The effects
of two types of aberration on the imagery are well explained in the reference papers [4]-[6].
Authors of those papers took advantage of the 3-beam interference imaging condition by
choosing proper grating periods and using a small partial coherence factor less than 0.2 as shown
38

in Figure 3.1. Under those conditions, the effects of even and odd aberrations are completely
separated as focus shift and lateral shift of the image. We will focus on our new method for
characterizing even type aberrations since we don’t have an overlay inspection tool, which is
required to perform the measurement of the relative lateral image shift.

Figure 3.1: 3 beam interference imaging through the pupil (H. Nomura, T. Sato [5])

Depending on the region of pupil sampled, different best focus values will be measured
for even aberrations. Sampling of the pupil can be modified by imaging different test objects in
the chrome mask, and also by changing the shape of the illumination incident on the test object.
Using the latter variable is desirable, since feature size and shape are more or less constant for a
certain device manufacturing process and the lithographer wants to know aberration effects
associated with the objects being used. Our method is based on this observation that multiple
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illumination shapes can provide multiple pupil samplings, which gives a different focus shift for
the same even aberration. Thus, if we measure these different focus shifts and calculate the
change of focus shift induced by a very small change in each Zernike coefficient, it would be
possible to obtain the actual Zernike coefficients of the even aberration present in the exposure
tool. In order to provide multiple illumination shapes, one has to have a way of creating desired
multiple illumination patterns incident on the conventional chrome mask. Steppers (or scanners)
made for semi-conductor manufacturing in recent years have such abilities as controlling the
illumination shape from the condenser to enhance the resolution limit. But, for most old steppers,
the illumination shape is essentially fixed. Furthermore, even with a variable illuminator,
multiple exposures should be performed, one for each illumination shape. However, if we make
a proper diffractive phase profile on the backside of the conventional photo-mask, we can create
different illumination patterns depending on the two dimensional shape of the phase profile.
Furthermore, we can arrange the location of each phase profile appropriately in a single photomask, and this allows us to carry out only a single exposure instead of doing several exposures
for multiple illumination shapes, reducing the number of exposures required for the aberration
measurement.

3.1.3 Using modified diffracted illumination for aberration characterization
We decided to fabricate both square binary and circular binary phase gratings on the backside of
the photo-mask to produce the quadrupole and annular illumination shapes in order to provide
three illumination patterns, which includes the conventional illumination. Figure 3.2 shows these
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diffractive profiles and corresponding illumination spatial spectrums in the pupil plane. It is well
known that these modified off-axis illuminations improve the resolution limit of sub-wavelength
features, and the spatial frequency fc of the off-axis illumination should be half of the object
frequency f in the chrome mask [2].

fc =

f
1
=
2 2p

(3.2)

Figure 3.2: Binary phase diffractive profile and generated illumination patterns at the pupil

In the above equation, p is period of the dense lines in the chrome mask. For the pupil sampling,
we designed conventional chrome gratings having four orientations and a proper period for 3beam imaging as shown in Figure 3.3a. On the opposite side of this chrome mask, we fabricated
and placed phase grating as shown in Figures 3.3b.
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(a) Binary amplitude mask in chrome layer for pupil sampling

(b) 1X plate mask to create phase grating on backside of photo-mask
Figure 3.3: (a) Binary chrome mask for target object (b) 1X plate mask for patterning

Measurement of shift of the best focus ∆(BF) and the difference of focus HVcosθ between
two perpendicular images of grating lines are required for characterizing spherical aberration and
astigmatism respectively. ∆(BF) is given as the average focus of 4 orientations of gratings, and
HVcosθ is given as the focal difference between 0, 90 degree oriented gratings. Using an aerial
image simulation program, we can calculate BF at each illumination setting, corresponding to the
Zernike coefficient Zj of 0.001λ of spherical aberration. This is essentially the partial derivative
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of ∆(BF) or HVcosθ , with respect to Z9. We define this quantity as the sensitivity S, and each
value is calculated as the following equation.
For spherical aberration,

∂ ( BFi )
∂Zj

(3.3a)

∂ ( HV cos θ i )
∂Zj

(3.3b)

S i, j =

For astigmatism,

S i, j =

This calculation is repeated for all illumination settings (i=1 conventional, 2 quadrupole, 3
annular) and all relevant Zernike coefficients Zj, where j=4, 9, 16 for spherical aberration, and
j=4, 5, 12 for astigmatism. As a result we get a matrix of sensitivities, S. Then, the relevant
Zernike coefficients corresponding to spherical aberration can be extracted from the following
linear equations.

∆( BF ) i =

∂ ( BF ) i
∂ ( BF ) i
∂ ( BF ) i
⋅ Z4 +
⋅ Z9 +
⋅ Z16
∂Z 4
∂Z 9
∂Z16

(3.4)

where ∆(BF) is the measured shift of the averaged best focus of 4 orientations of gratings, and i
(=1, 2, 3) represents one of 3 illumination settings. Hence, if we measure ∆(BF) for 3 different
illumination conditions, then we can solve for unknown Zernike coefficients Z4, Z9, Z16 from
the above set of linear equations. The same procedure can be applied to the astigmatism as well.
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In order to determine the best focus of each grating region, we take advantage of the 3
beam interference imaging condition. For a given set of wavelength, NA and σ, the amplitude
grating period can be chosen so that only 3 propagating orders are within the pupil. In the case of
a 50% duty cycle amplitude grating, it is given as [5]
3λ
λ
≤ p≤
(1 − σ ) NA
(1 + σ ) NA

(3.5)

Even though real illumination is always partially coherent, we ignore that for now and consider
only the interference of 3 coherent waves on the imaging plane. Let us denote each of 3 beams as
-1, 0, +1 and phase of -1, +1 beams relative to 0th order beam as φ-1, φ1. Then, the intensity of
the image of a dense line grating lying along the y-axis is given as [4]

I ( x, ∆z ) = A0 + A1e jφ1 e j 2πx / p + A−1e jφ−1 e − j 2πx / p

2

2

= A0 + 4 A12 cos 2 [

φ + φ −1
2πx φ1 − φ −1
+ 4 A0 A1 cos[
+
] ⋅ cos[ 1
+ κ∆z ]
p
2
2

2πx φ1 − φ −1
]
+
2
p

(3.6)

In equation (3.6), An represents amplitude of the nth diffraction order and κ∆z is introduced
inside the last cosine to represent the effect of defocus. The proportionality coefficient κ of
defocus is given as

NA 2 2
ρ from the paraxial imaging theory, where ρ is the normalized pupil
2λ

radius coordinate. If we consider a fixed position of x in the image, then equation (3.6) becomes
a cosine function of ∆z and peaks at − (φ1 + φ −1 ) / 2κ , which is proportional to the even
aberration. In photolithography, the imaging plane is not an ideal plane with zero thickness, but a
layer of photo-resist with finite thickness. The best defocus position is often a little toward the
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lenses from the top of the photo-resist surface. The bottom edge of the developed photo-resist
profile is given by a contour I ( x, ∆z ) = const . If the critical dimension (CD) is measured and
plotted with defocus ∆z for some fixed value of the exposure dose, then one would obtain a curve
whose slope vanishes for the defocus equal to − (φ1 + φ −1 ) / 2κ . Depending on the threshold
intensity level, which affects the fixed bottom edge position x, the coefficient of this cosine like
curve may be positive or negative. Hence, if we perform multiple exposures with varying dose
for each exposure region, we may obtain a series of CD vs. defocus curves like Figure 5
generated from the Solid-C commercial lithography simulator. This curve is called the Bossung
curve [2]. In reality, the turning points of these curves change slightly with the dose, which is the
result of interaction between defocus and finite thickness of the resist. To minimize this
variation, one should use a thin resist. Therefore, from these curves of CD vs. defocus for a thin
photo-resist at multiple doses, one can obtain the best defocus position for the image of the
grating considered. This procedure is repeated for every grating orientation and illumination
type.

3.2 Hybrid photo-mask design and fabrication
To demonstrate our new approach by experiment, we first designed 2 photo-masks. One is the
conventional binary chrome mask for use in the stepper, as shown in Figure 3.4a. The other is a
1X mask plate for patterning the diffractive profile in the photo-resist on the backside of the
chrome mask, as shown in Figure 3.4b. The stepper used in this study is a GCA wafer stepper for
the G-line (436nm) of exposure wavelength. Its magnification, numerical aperture and partial
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coherence are 1/5, 0.38 and 0.6 respectively. To prevent any confusion about the dimension, we
will use the scale on the wafer for all feature sizes. Therefore, the scale on the mask is multiplied
by 5. The period of the line grating was chosen to be 1.6µm, which corresponds to normalized
pupil radius of 0.7171 for the ±1st order diffracted beams. The line width is half of the period.
Four orientations of 0, 90, -45, +45 degrees of gratings were made in a row, in order to account
for the effect of 0, 90 and ±45 astigmatism.
For the 1X mask for fabrication of the diffractive mask on the backside of the chrome
mask, its period was chosen to be twice that of the chrome grating period according to equation
(3.2). To fabricate the diffractive profile, we spin coated Shipley 1805 photo-resist on the back of
the chrome photo-mask with a thickness of 0.315µm corresponding to π phase shift. With a
phase depth of π, unwanted 0th order (DC component) from the phase grating is minimized and
±1 orders become the dominant illumination beams. We estimated the diffraction efficiency of
the phase gratings for the ±1 orders to be about 40%. Also, it was verified that the efficiency of
the ±1 orders does not change significantly within the thickness error of ±20nm. If the resist
thickness error exceeds ±20nm, it causes the unwanted 0th order to rise beyond 5% and increases
the background intensity level in the image. That would reduce the accuracy of measurement,
since higher background intensity would decrease the slope of Bossung curves and the turning
points would be more obscure to observe. We checked the resist thickness with our mechanical
profilometer, and it was verified to be within ±20nm about the exact value.
Shipley 1805 resist is used for G-line exposure, and is not ideal for making a phase
profile. However, we found that its transmittance at the G-line is about 82% after post-exposure
baking at 125°C for 30 minutes in an oven. Therefore, we used Shipley 1805 with a slightly
higher exposure time to compensate for its absorption loss. After coating the photo-resist, we
46

mounted both the 1X plate mask and chrome photo-mask in our Quintel UV mask aligner with
an I-line source and performed the exposure. This results in the desired surface profile for the
phase grating in the 1805 photo-resist, as shown in Figure 3.4. The real period of these phase
gratings is 16µm, which is twice the target grating on the mask. The position of each diffractive
profile was such that each is exactly behind one of 1 by 3 array of chrome gratings.

Figure 3.4: Microscope images of the fabricated diffractive masks

The next step was to use this fabricated hybrid diffractive photo-mask in our GCA stepper to do
the focus micro-step exposure. We varied the focal plane of each exposure by 0.2µm from the
previous exposure, and shifted the wafer laterally by 52µm between each exposure to avoid
image overlapping. The total range of defocus variation is ±1µm centered on the best focus of the
stepper. This is slightly larger than the Rayleigh defocus range of λ /(2 NA 2 ) ≈ 1.51µm . Also the
exposure time was varied from 0.55 to 1.0 seconds on 3 by 3 arrayed positions on the wafer. The
printed image of this focus micro-step exposure is shown in Figure 3.5.
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Figure 3.5: Microscope image of the printed focus micro-step exposure

The defocus is increasing along the column direction in steps of 0.2µm, and the order of
variation of CD is very small, about 0.1~0.2µm, as predicted in our aerial image simulation. We
used a Cambridge 360 SEM to observe the variation of CD in the printed image from the focus
micro-step exposure. Figure 3.6 shows the obtained Bossung curves for 3 illumination settings
from this SEM measurement. By taking the average and difference of turning points for 4
orientations of the gratings in every case of illumination, we obtained the shift of best focus
∆(BF) and the difference of focus HVcosθ between two perpendicular orientations of gratings as
summarized in Table 3.1. The error in the CD measurement is estimated to be ±0.015µm. This
data from the SEM measurement will be used to analyze the associated even aberration as
explained in the next section.
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(a)

(b)

(c)
Figure 3.6: Bosung curves for conventional illumination case obtained from the SEM
measurement for conventional (a), quadruple (b) and annular illumination (c)
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Table 3.1: Focus data obtained from the bossung curves for 3 illuminations
Illumination types

HVcosθ for astigmatism

∆(BF) for spherical aberration

Conventional

0.365 µm

-0.25 µm

Quadrupole

0.342 µm

-0.30 µm

Annular

0.20 µm

-0.10 µm

3.3. The experimental result on aberrations analysis for GCA g-line stepper
The sensitivity of best focus, as defined in equation (3.3), is calculated by giving a very small
variation to Z9, while keeping all other Zernike coefficients zero. It can be obtained for all
relevant Zernike coefficients for spherical aberration, i.e. Z4, Z9, and Z16. The sensitivity for
astigmatism is calculated by observing the change of best focus with respect to Z4, Z5, and Z12
for two perpendicular grating objects. Then, we take the difference of two sensitivity matrices for
two perpendicular grating objects. The resulting sensitivity matrices are shown in Table 3.2.

Table 3.2: Aberration sensitivity matrices determined from the aerial image simulation
S matrix for astigmatism

S matrix for spherical aberration

0.1208

-0.0830

0.057

-0.050

0.105

-0.090

0.1208

-0.0856

0.059

-0.060

0.113

-0.075

0.1208

-0.0764

0.031

-0.050

0.105

-0.070
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In the vector form, the linear relation (3.4) is expressed as

r
r
X = S ⋅Z

(3.7)

Here, X is a 3 by 1 vector of measured quantities, ∆(BF) for spherical aberration or HVcosθ for 090 astigmatism, and S is the sensitivity matrix for each case. The elements of vector Z are 3
Zernike coefficients for the type of aberration considered (spherical or astigmatism). Since we
measured every element of X, and calculated every element of the sensitivity matrix S, it is
straightforward to solve this equation for the unknown vector Z. Using the measured X quantities
summarized in Table 3.1, we solved the above matrix equation (3.7) for Z, which is shown below
for both spherical aberration and astigmatism.
For spherical aberration,

⎡ ∆( BF )1 ⎤ ⎡ − 0.25⎤ ⎡ − 5.0 10.5 − 9.0⎤ ⎡ Z 4 ⎤
r ⎢
X = ⎢∆( BF ) 2 ⎥⎥ = ⎢⎢− 0.30⎥⎥ = ⎢⎢− 6.0 11.3 − 7.5⎥⎥ ⋅ ⎢⎢ Z 9 ⎥⎥
⎢⎣ ∆( BF ) 3 ⎥⎦ ⎢⎣− 0.10⎥⎦ ⎢⎣ − 5.0 10.5 − 7.0⎥⎦ ⎢⎣ Z16⎥⎦
→

(3.8a)

Z 9 = 0.1904λ , Z16 = 0.0752λ (Third and fifth order)

For astigmatism,
⎡ HV cosθ 1 ⎤ ⎡0.362⎤ ⎡12.08 − 8.30 5.7 ⎤ ⎡ Z 4 ⎤
r ⎢
X = ⎢ HV cosθ 2 ⎥⎥ = ⎢⎢0.342⎥⎥ = ⎢⎢12.08 − 8.56 5.9⎥⎥ ⋅ ⎢⎢ Z 5 ⎥⎥
⎢⎣ HV cosθ 3 ⎥⎦ ⎢⎣ 0.20 ⎥⎦ ⎢⎣12.08 − 7.64 3.1⎥⎦ ⎢⎣ Z12⎥⎦
→

(3.8b)

Z 5 = 0.1706λ , Z12 = 0.1068λ (Third and fifth order)

Since the condition numbers for matrices in linear equations (3.7) are quite high values of 71,
221 respectively, we used the QR factorization method to obtain a stable solution for the system
of linear equations of ill condition. The results for spherical aberration and astigmatism are
summarized in Table 3.3. The errors in the Zernike coefficients due to random variation of X
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elements within the measurement error of ±0.015µm are verified to vary within ±0.014λ, which
is not very small, but acceptable.
Table 3.3: Zernike coefficients obtained for astigmatism and spherical aberration from our
measurement.
Third order

Fifth order

0-90 Astigmatism

Z5=0.1706λ

Z12=0.1068λ

Spherical aberration

Z9=0.1904λ

Z16=0.0752λ

The values for 3rd order aberrations are in good agreement with the estimated value of
0.2λ, which is typical for the steppers made in the mid to late 80s. But, the value for 5th order
astigmatism is too high, compared to the estimated value. This is believed to be due to some
error in the measurement and rather a high partial coherence factor of 0.6. A smaller partial
coherence factor, less than 0.3, allows almost coherent interaction between the beams sampling
different positions of the pupil. Hence, it gives more noticeable variation of CD with defocus,
ease of the measurement, and higher accuracy. However, we did not attempt to reduce the source
aperture.
In order to verify the accuracy of our measurement, we input the obtained values of the
Zernike coefficients into our aerial image simulation program and generated the image of an
equal line-space grating (Figure 3.7). We found that at a line-width of 0.7µm, the contrast of the
image shrinks significantly, which means that 0.7µm is the resolution limit. This agrees well
with the actual resolution limit of the stepper as specified by the manufacturer. Therefore, it is a
good indication that our measurement was somewhat accurate despite using the default high
partial coherence factor.
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(a) Wave-front at the pupil

(b) Simulated image of the line grating

Figure 3.7: (a) Reconstructed wave-front at the pupil (b) Simulated image of a line grating of
0.8µm of line-width

We introduced a new approach to the characterization of aberrations in photolithographic
steppers. Combining binary amplitude and a diffractive phase mask on the opposite sides of a
mask plate allows for the manipulation of the pupil sampling by using many different shapes of
diffractive patterns. Measuring the focus shift under the spatially varying diffracted illumination,
we are able to extract the associated even aberrations by solving a system of linear equations. We
demonstrated this new method with a conventional G-Line GCA stepper, and verified the
accuracy of the measured values of even aberrations. The method predicted values too high for
the 5th order astigmatism, due to the measurement error and high sensitivity on the error caused
by using a large partial coherence. If combined with a low partially coherent source, the accuracy
and stability of the measurement will be improved. This approach has a good potential to
measure higher order aberrations with high precision if additional numbers of diffractive
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illumination patterns are used. It is also possible to measure odd aberrations like coma and
distortion with this approach when used with properly designed target objects and measured with
an overlay inspection tool.
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CHAPTER FOUR: 1D BINARY PHASE GRATING MASK

4.1. The principle of using binary phase grating for analog resist profile

In the field of micro-optics, refractive elements such as micro-lenses are difficult to fabricate
using photolithographic techniques. Photolithography has been developed primarily for
fabricating binary structures in photo-resist, making it unsuitable for the continuous relief
profiles required for refractive micro-optics elements. In order to address this problem, a range of
refractive micro-lens fabrication techniques have been demonstrated [11]-[17]. The photo-resist
reflow technique has been developed for the fabrication of micro-lenses, but it is difficult to
control the desired lens shape with this technique. Gray-scale and half-tone mask technologies
have proved to be the most popular and successful methods for fabricating analog profile microlenses. Gray-scale masks utilize the properties of a HEBS glass plate [16] and provide analog
optical transmittance through continuously varying optical density. They have two main
drawbacks: high cost and strict dependence on the response of photo-resist to the optical density.
It is necessary to characterize the thickness of the resist in terms of the optical density for a
specific exposure tool in order to design a proper optical density map on a gray-scale mask. Halftone masks create analog optical transmittance by use of a square dot array representing
continuous optical density. By varying the pixel density or size, half-tone masks are capable of
creating analog optical transmittance for the incident exposure light [13], [18]. However, this
technique suffers from the pixel aperture diffraction effect, and also requires the adjustment of
pixel density for a specific exposure tool.
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A new phase mask technique is proposed which allows for the fabrication of an analog
micro-optic profile in thick photo-resist. This technique is fundamentally different from the grayscale and half-tone mask techniques in that it utilizes a phase function on the mask plane to
create analog optical intensity on the wafer plane, while the other two techniques only exploit
analog amplitude functions on the mask plane. The “phase shift” mask technique has been
widely employed in the semiconductor manufacturing industry since the early 1990s in order to
enhance the resolution limit of periodic patterns with an optical stepper [9], [10]. This technique
is restricted to resolution enhancement for binary patterns and is not suited for the fabrication of
analog resist profiles. We investigated the potential of controlling the optical transmittance of the
phase mask in a continuous fashion by changing the parameters of the binary phase grating.
Using only the 0th order from the phase grating with a pi phase shift, the optical transmittance
can be controlled by simply varying the duty cycle of the phase grating. To utilize this effect, we
design a binary phase grating mask with a varying duty cycle in such a way that it creates the
desired analog optical intensity. Exposing this phase mask results in the formation of an analog
profile in thick photo-resist (>5µm). We find this technique to be a promising alternative to grayscale and half-tone masking techniques in the field of analog photolithography. The feasibility of
this technique was investigated and demonstrated in a standard photolithographic environment.
As discussed in chapter 2, the resolution of the stepper is determined by wavelength and
numerical aperture and the minimum period for the grating object is given by equation (2.2) on
the wafer scale. If the period of the grating object is smaller than this value, there will be only a
flat imaging intensity profile on the wafer resulting in no grating pattern at all. However, if one
can make the diffraction efficiency of the 0th order as a function of position on the mask, then
this frequency filtering effect can be utilized to create an analog optical intensity with only 0th
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order diffracted light from the mask. This can be achieved with a binary phase grating mask with
pi phase depth as shown in Figure 4.1.

Figure 4.1: The binary phase grating mask with spatially varying duty cycle

In this case, the even orders of diffraction spots would not exist if the duty cycle of the
grating is 0.5. The duty cycle of a grating is defined as the ratio of line-width to the period. The
diffraction efficiency of this type of grating would be a function of duty cycle. The amplitude
transmittance of this phase grating can be expressed in convolution form as
x
x
1
t ( x) = [2rect ( ) − 1] ⊗ comb( )
a
p
p

(4.1)

Taking the Fourier transform of this expression and substituting zero for spatial frequency, the
0th order diffraction efficiency of this binary phase grating is given as
DE 0 ( x ) = 1 − 4( a ( x ) / p ) + 4( a ( x ) / p ) 2

(4.2)

Where p is the period and a is the width of grating line which can be varied as a function of
position on the mask plane. At the half duty cycle a becomes p/2, and the diffraction efficiency
becomes zero. But, as w departs from the half duty cycle, the value of DE0 begins to rise in the
form of a parabolic function as shown in Figure 4.2.
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Figure 4.2: 0th order diffraction efficiency of binary phase grating of π phase depth as a function
of duty cycle

By varying the line width a as a function of position on the mask, the exposure intensity
passing through the mask would also be a function of position on the mask. Therefore, it is
possible to create any arbitrary analog exposure intensity by designing the appropriate duty cycle
function W(x)=a(x)/p for the binary phase grating mask. The equation (4.2) of 0th order
diffraction efficiency can be considered as the desired target intensity transmittance I(x), coming
out of the mask. The duty cycle, W(x)=a(x)/p, can then be stated as
W ( x) =

1
(1 − I ( x) )
2
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(4.3)

Knowing the desired analog intensity transmittance, I(x), for a certain micro-optical element, it is
possible to design a phase grating with the corresponding duty cycle. In order to verify the
validity of this principle, photolithographic simulations for this type of phase mask were
performed. An aerial image computation code based on scalar diffraction was written in Matlab
to calculate the bulk image intensity on the wafer. A simple circular binary phase grating for
making a micro-lens of 20µm diameter was designed and its aerial image was computed. The
target intensity for a positive micro-lens was chosen to be a normalized spherical function with
the minimum zero at the center. Equation (4.3) was used to design the circular phase grating that
produces this intensity. Figure 4.3 shows the designed phase grating profile and the computed
aerial image at the wafer plane, which looks very similar to the desired target intensity.
In the case of radially symmetric elements like micro-lenses, it is possible to use the
radius coordinate r = x 2 + y 2 as the one dimensional coordinate thanks to the rotational
symmetry. The phase grating mask for the rotationally symmetric element would be circular ring
type of grating, and the corresponding phase profile function can be also represented as a
function or r. Thus all previous expressions can be used with the coordinate r in place of x.
Although this is actually a two dimensional feature, it can be represented with one variable and
can be fabricated using a one dimensional rotationally symmetric phase grating mask.

59

Figure 4.3: A simple circular binary phase grating profile (top) for 20µm micro-lens and the
computed aerial image (bottom)

4.2. Characterization of photo-resist with phase grating mask

In order to determine the desired analog intensity for a given micro-optics profile on the surface
of the photo-resist, one needs to know how the variation of duty cycle translates to the height
variation of photo-resist. In general, the developed photo-resist depth is a nonlinear function of
exposed dose and should be characterized experimentally for the specific photo-resist to be used
for making the analog profile. Shipley SPR220, a positive photo-resist, was used on a GCA gline stepper to verify and demonstrate our proposed phase mask technique. It was spun on a
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fused silica wafer at 1000rpm to form 12µm of total film thickness, and then exposed with the
stepper for dose characterization with the exposure time step from 0.3sec to 3.5sec. Figure 4.4
shows the experimental characteristic curve of SPR220 resist for the region of interest.
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Figure 4.4: Experimental developed depth vs. exposure time of SPR220 photo-resist

In order to put this exposure characterization curve on the dose (mJ/cm2) scale, we
multiplied the exposure time of our stepper with the source power density of 150mW/cm2 at the
wafer plane. It shows the developed resist thickness h (µm) at a certain amount of dose D
(mJ/cm2) received from our stepper source. At first, the photo-resist response is slow and
nonlinear, from 0 to 0.5sec (75mJ/cm2 of dose), and the developed resist depth increases almost
linearly after that time reaching the saturation at around 3.0sec (420mJ/cm2). Thus, a flat bias
exposure of 0.5~0.6sec is necessary prior to exposing the phase grating mask. The analog optical
intensity from this type of binary phase mask would provide an analog dose to the photo-resist.
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The final resist profile after development would then be the result of the convolution of
intensity vs. duty cycle curve with the characteristic resist depth vs. dose curve. In order to
perform this numerical convolution for the bias time tb and exposure time t, the 0th order
diffraction efficiency function I(w) of grating duty cycle w should be converted to the exposure
dose function D(w) of duty cycle according to the following expression.
D( w) = I 0 (t b + I ( w) ⋅ t )

(4.4)

In this expression, I0 represents the source intensity of 150mW/cm2 at the wafer without the
mask. And, the developed resist thickness h (µm) of Figure 4.4 should be fitted to a 6th order
polynomial function h(D) of exposure dose D (mJ/cm2).
h( D ) = a 0 + a1 D + a 2 D 2 + a 3 D 3 + a 4 D 4 + a 5 D 5 + a 6 D 6

(4.5)

The parameters a0, a1 …a6 are polynomial curve fitting coefficients for the exposure curve of
Figure 4.4. Now, the equation (4.4) can be substituted in the dose parameter D of polynomial
h(D) and we can get the resist height h vs. duty cycle w relation. This numerical convolution
calculation was performed for the bias time of 0.7sec and exposure time of 2.7sec and the result
is shown in Figure 4.5.
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Figure 4.5: Remaining thickness of SPR220 photo-resist obtained by convolving curves of
Figure 4.2 and Figure 4.4

There are two approaches to the design of the duty cycle map of the binary phase grating
for the fabrication of desired resist profile. The first is to just start from the 0th order intensity
transmittance profile that is of the reverse form as the desired resist profile. This is the simplest
way of designing the duty cycle of phase grating and it basically assumes that the response of
resist to the exposure intensity is linear. For the spherical micro-lens profile like this example,
the transmittance profile should be an inverted sphere form with the same diameter. From the
intensity transmittance profile I(x), the duty cycle map W(x) can be computed from the equation
(4.3). When designing the desired grating transmittance profile, it should be normalized properly
to avoid the minimum duty cycle becoming too small to fabricate. For 1D grating mask the
maximum transmittance was normalized for 0.15 of minimum duty cycle.
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The second approach is to use the numerical convolution method to find out the required
dose profile with certain bias and exposure time, and compute the duty cycle profile from that
dose profile. The desired resist height profile d(x) in units of microns can be used to determine
the required exposure dose profile to produce it using the curve fitting expression for the
exposure dose D(h) (mJ/cm2) from the exposure characteristic curve of SPR220 resist. In this
case, we need to consider the depth of resist h (µm) as the fitting variable and find a polynomial
D(h) to represent the corresponding exposure dose D (mJ/cm2) as a function of h (µm) from the
characteristic curve of Figure 4.4.
D ( h) = b0 + b1 h + b2 h 2 + b3 h 3 + b4 h 4 + b5 h 5 + b6 h 6

(4.6)

Since the relation between the remaining resist thickness d and the developed resist
thickness h is d0=d+h for the total resist thickness of d0 (µm), we can substitute d0-d(x) in place
of h in D(h) with desired target resist profile d(x) in order to obtain the exposure dose profile
D(x) as a function of 1D coordinate x. Then, using the following relation between the dose D(x)
profile and the exposure intensity transmittance profile I(x) under a certain combination of bias
time tb and exposure time t, we can easily solve for the required intensity transmittance profile
I(x).
D( x) = I 0 (t b + I ( x)t )

(4.7)

Again, I0 is the source intensity of 150mW/cm2 at wafer plane. Finally, we can obtain the 1D
duty cycle profile W(x) using the equation (4.3). This duty cycle function is used to design a
binary phase grating mask for a certain analog micro-optics profile d(x).
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4.3. Fabrication of 1D binary phase grating mask

This duty cycle function is used to design a binary phase grating mask for a certain analog
micro-optics profile. Using the experimental exposure curve of SPR 220 resist and numerical
convolution of the phase grating efficiency with the resist characteristic curve, a circular phase
grating mask was designed for the fabrication of positive spherical micro-lenses and ring-lenses.
We also designed the phase grating mask using a simple intensity profile based method. For the
intensity profile based mask design, an inverted spherical intensity profile was used as the target
intensity. The diameters of positive lens and ring lens are 100, 200µm respectively. The shape of
ring lens is like donut and its one dimensional profile from center to edge is the same as the
positive lens. The target sag of the micro-lens was chosen to be 5µm by considering the
maximum variation of thickness practically possible from the resist convolution curve of Figure
4.5. This corresponds to the duty cycle variation from 0.15 to 0.45 and the grating line-width
variation from 0.45 to 1.35µm on the mask scale. The period of the final phase mask pattern was
designed to be 3.0µm, less than the cut off period for our GCA stepper (3.7µm).
The designed binary phase grating mask was fabricated using an e-beam direct writing
technique. PMMA e-beam resist was coated at the pi phase thickness for λ=436nm. Using the
following equation for the pi phase thickness dπ with the index of PMMA n=1.52 at λ=436nm,
the thickness of PMMA resist was determined to be 420nm.
dπ =

λ
2(n − 1)

(4.8)

The mask was then written on a Leica EBPG 5000+ at the University of Central Florida and
developed with MIBK:IPA (1:3) for 70secs using the immersion technique. The fabricated phase
mask for positive micro-lens in the PMMA resist is shown in Figure 4.6. The mask was then
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immediately placed in the stepper, ready for use in creating analog micro-optics. Other mask
fabrication methods have been utilized for the creation of phase grating mask, including contact
and projection lithography. However, e-beam direct writing has shown the greatest consistency,
accuracy and smoothness in the phase grating formation.

Figure 4.6: Fabricated phase mask for positive micro-lens

4.4. Fabrication of micro-lenses using 1D binary phase grating mask

The fabricated binary phase grating mask was used to expose fused silica wafers coated with
12µm thick SPR 220 photo-resist. In order to fabricate the positive micro-lens and ring-lens on
the SPR 220 resist with the fabricated phase grating mask, we coated a 4” fused silica wafer with
SPR 220 resist for the initial thickness of 12µm. Next, it was soft-baked on a hot plate at 115ºC
for 90 seconds. A GCA g-line stepper was used to expose this wafer with the phase grating mask.
The bias and exposure time were 0.7sec, 2.7sec as the duty cycle map on this mask was designed
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for that exposure condition. The exposed SPR 220 resist then sat for 45 minutes per the resist
requirements before the post-exposure bake was applied. The post-exposure bake was done in
the same way as the soft-bake. After the post-exposure bake the wafer was allowed to cool down,
it was then developed by immersing in MF CD-26 developer for 4 minutes. Last it was rinsed
with DI water and dried with nitrogen.
The surfaces of the fabricated micro-lenses and ring lenses were measured with a Zygo
white light interferometer, and the two dimensional lens surface figures from both the intensity
and resist profile based design of the mask are shown in Figure 4.7. The total height and sag of
the lens was 8µm and 5µm respectively, matching the design.
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(a)

(b)
Figure 4.7: The surface profiles of fabricated micro-lenses from Zygo white light interferometer.
(a) Micro-lens fabricated from intensity based phase grating mask (b) Micro-lens fabricated from
resist profile based phase grating mask

However, it is apparent that the micro-lens made with the resist profile based phase
grating mask design has a more accurate spherical surface profile than the other micro-lens made
with intensity based phase grating mask design. To compare the fabricated lens profiles with the
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designed spherical lens surface, we fitted the lens surface to the following two dimensional
aspheric equation up to 4th order as a function of radial coordinate r.
h( r ) =

r2 / R
1 + 1 − (1 + k )r / R
2

2

+ a4 r 4

(4.9)

From the above equation, the aspheric lens surface parameters such as radius of curvature
R, conic constant k and 4th order aspheric coefficient a4 were obtained. Using the lens parameters
obtained from the two dimensional surface fitting, we plotted the experimental aspheric lens
profile and compared it with the designed spherical surface. Figure 4.8 shows these plots for both
lenses made with two different designs of the phase grating mask.

(a)

(b)

Figure 4.8: Targeted lens profile (line curve) and reconstructed 1D lens profile obtained from
lens surface fitting to aspheric equation (dotted curve). (a) Micro-lens fabricated from intensity
based phase grating mask (b) Micro-lens fabricated from resist profile based phase grating mask

The micro-lens fabricated with the resist profile based phase grating design is in good
agreement with the target spherical surface, while the micro-lens fabricated with the intensity
profile based phase grating design shows a significant deviation from the targeted spherical
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surface. The reason for this mismatch between the designed and fabricated lens surface is that the
transmittance based phase grating design does not account for the nonlinear response of the resist
to the exposure light. But, the excellent agreement between the fabricated and designed lens
profile in case of the resist profile based phase grating mask demonstrates that our numerical
convolution concept for predicting the analog resist profile with a phase grating mask works
accurately. The obtained lens surface parameters are summarized in Table 4.1.

Table 4.1: Comparison of design parameters and measured parameters from fabricated analog
micro-lenses from transmittance based phase grating mask and resist profile based phase grating
mask.
Transmittance based

Resist profile based

Design

Measured

Design

Measured

250.5

286.7

250.5

266.4

Conic constant

0

11.062

0

-0.88998

4th order aspheric

0

-259.055

0

-35.3925

Sag (µm)

5

4.8

5

5.1

F-number

2.505

2.867

2.505

2.664

Radius of curvature (µm)

We also measured the ring lens surface profiles made from two different designs of phase
grating masks. Since the ring lens surface does not fit to the aspheric sag function of radius, only
the one dimensional height profile data was acquired from the Zygo surface scanning and
compared with the target design profile as shown in Figure 4.9. Again, it shows clearly that the
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resist profile based phase grating mask better matches the targeted ring lens profile. The SEM
picture of fabricated ring lens is shown in Figure 4.10.

Figure 4.9: Targeted micro ring lens profile (line curve) and measured 1D ring lens profile data
(dotted curve). (a) Ring lens fabricated from intensity based phase grating mask (b) Ring lens
fabricated from resist profile based phase grating mask

Figure 4.10: SEM picture of the 200µm ring lens made from resist based phase grating mask
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4.5. The summary of analog element fabrication using 1D binary phase grating mask

The feasibility of a new analog micro-optics fabrication technique was demonstrated. This
technique is based on the use of a one dimensional binary phase grating mask with varying
grating duty cycle. There are two ways of designing a phase grating mask with varying duty
cycle. The first one is to simply take the target intensity profile and convert it to the duty cycle
profile using the equation (4.3). The second one is a phase grating mask design method based on
the numerical convolution of a resist characteristic curve and grating efficiency curve which was
developed for this work. The phase gratings of both types were designed for a positive and ring
lens and fabricated on the same mask in order to test the feasibility of this technique. A Leica
EBPG 5000+ e-beam writing system was used to fabricate the phase mask and a GCA g-line
optical stepper was used to fabricate the final lenses in SPR 220 positive photo-resist on wafer.
By exposing the phase mask in the stepper, 100µm positive and 200µm ring refractive microlenses were fabricated with sag thicknesses of 5µm in SPR 220 positive photo-resist. The surface
profiles of the fabricated micro-lenses were measured with a Zygo white light interferometer.
The measured surface profiles reveal that the phase grating mask designed from the target resist
profile creates more accurate lens profiles.
The phase mask technique is an extremely efficient alternative for the fabrication of
refractive profiles with smooth variations in height. It enables more accurate control of the
refractive element surface profile, compared to the reflow technique. This technique is not
limited to the range of thickness or diameter demonstrated here. For elements with thicker
height, other types of thicker positive resist can be used and the exposure time can be increased
accordingly. This is possible due to the fact that the depth of focus is significantly increased by
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having only the 0th order image. Furthermore the phase mask technique does not suffer from the
typical edge diffraction and scattering effects of a half-tone mask and thus results in very smooth
analog surface profiles. Although the refractive micro-optics were only fabricated on the photoresist, it is possible to dry etch the resist profile and transfer it to the fused silica substrate to form
a rigid, permanent element on the surface of glass. Utilizing a high etching ratio, the sag of lens
can be further extended.
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CHAPTER FIVE: 2D PHASE GRATING MASK

5.1. 2D binary phase gratings with single square pixel per pitch

In order to create arbitrary three dimensional analog resist profile with photo-mask, the intensity
profile coming through mask should be made continuous over the 2D mask plane. This can be
achieved by creating analog light amplitude with a half-tone mask [13] as illustrated in Figure
2.6. This type of mask uses a set of sub-resolution opaque pixels and a fixed center to center subresolution period (pitch). Since the period is sub-resolution, smaller than the value of cut-off
equation (2.2), only 0th diffraction order will get through the stepper system to form the image on
wafer. The imaging intensity on the wafer plane is proportional to the relative amount of area not
blocked by the opaque pixels and can be calculated with the following formula [18].
I = 1 − A pixel / A pitch

(5.1)

In this equation, Apixel and Apitch represent the area of pixel and pitch respectively. Thus, by
varying the area of pixels as a function of position on the mask, it is possible to create analog
intensity profile coming out of the mask and fabricate desired analog resist profile with proper
resist exposure and development time.
But a drawback of this approach for analog resist profile is that it is plagued by the light
scattering occurring at the edge of pixels. This is due to the fact that there is sharp transition in
light amplitude from 0 to 1 at the boundary of chrome pixel. This scattered light can be stray
light in the optical stepper system and contribute to degrade the smoothness of imaging intensity.
In order to avoid this stray light problem, the analog intensity profile should be created without
using the binary chrome pattern like half-tone mask. To address this issue we came up with the
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idea of using a phase only binary grating mask with pi phase depth. The layout of this mask is
similar to the half-tone mask as shown in Figure 5.1, but each pixel square has a pi phase shift
relative to the background area instead of opaque chrome.

Figure 5.1: Pixel design of 2D binary phase grating with one square in each pitch

The phase shifting pixels can be made by pattern proper photo-resist, which is transparent
for the stepper wavelength. If the period of this two dimensional phase grating is smaller than the
value determined by equation (2.12) and phase shift of pixels is pi, then only 0th order will go
through the stepper system. Furthermore the intensity of 0th order diffracted light will depend on
the fill factor of pixel. So, the size of this square pixel can be varied to control the 0th order
efficiency from this grating. The fill factor is defined as the ratio of area of pixel to area of pitch,
and is also related to the duty cycle as the following expression.
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F = w2 =

a2
Λ2

(5.2)

The amplitude of this two dimensional binary phase grating with pi phase shift can be expressed
in the following form.
t ( x, y ) = [2rect (

1
x−a/2 y −a/2
x y
,
) − 1] ⊗ 2 comb( , )
a
a
Λ Λ
Λ

(5.3)

By taking the two dimensional Fourier transform of this expression and putting (0, 0) in the
spatial frequency, we arrived at the 0th order efficiency equation below.
DE ( w) = 1 − 4 w 2 + 4w 4

(5.4)

The efficiency plot vs. duty cycle plot for equation (5.4) is non-symmetric with zero
at w = 1 / 2 ≅ 0.707 as shown in Figure 5.2. This is due to the fact that the two dimensional
binary phase grating makes zero 0th order efficiency at half fill factor (F=1/2). The cut-off period
for 2D binary phase grating is given by the equation (2.28), but with the factor of 1 / 2 due to
the presence of diagonal diffraction orders.
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Figure 5.2: 0th order efficiency vs. duty cycle curve for 2D binary phase grating with single
square in each pitch

A proper design of the duty cycle of the binary phase grating mask for the desired analog
resist profile requires that the exposure response of thick photo-resist should be characterized in
terms of the duty cycle of binary phase grating mask. The response of 12µm thick SPR-220 resist
to this type 2D binary phase grating was characterized using the same numerical convolution
method as for 1D binary phase grating mask in chapter 4. In order to perform this numerical
convolution, the scales of efficiency curve and exposure curve should be matched. The 0th order
efficiency, DE(w), as a function of the grating duty cycle w can be regarded as the intensity
transmittance of exposure light, which is the ratio of the 0th order intensity I(w) to the flat
exposure intensity I0. To obtain the absorbed dose, it should be multiplied by the flat exposure
intensity I0 and exposure time t (sec). Also, there should be an additional term for the flat bias
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exposure, which is done prior to the exposure with the phase grating mask. This is simply the
product of the flat exposure intensity I0 (150mW/cm2) and the bias exposure time tb (sec). Thus,
the total amount of absorbed dose D(w) (mJ/cm2) as a function of duty cycle w is given by
D( w) = I 0 (t b + DE ( w) ⋅ t )

(5.5)

The next step is the polynomial curve fitting of the exposure characteristic curve of
Figure 4.4. The developed depth h (µm) vs. exposure dose D (mJ/cm2) can be fitted to the sixth
order polynomial h(D) of D. Once we have the coefficients for this sixth order polynomial, we
can simply substitute the dose parameter with D(w) of the equation (5.5), and then it becomes the
curve h(w) of developed depth h (µm) vs. the duty cycle w. The remaining resist curve d(w) (µm)
is simply the initial thickness d0 minus the developed depth curve h(w). Figure 5.3 is the
remaining resist thickness d(w) resulting from this convolution for 0.6sec of bias and 2.6sec of
exposure with 2D dimensional binary phase grating mask. As shown in this curve, the 2D square
phase grating mask makes a rapid variation of the remaining thickness with duty cycle of the
phase grating mask. This property makes the 2D phase grating mask more ideal for the high sag
micro-optics than the 1D phase grating mask discussed in the previous chapter.
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Figure 5.3: Remaining SPR-220 resist thickness vs. duty cycle obtained by numerical
convolution of the resist characterization curve with 0th order efficiency curve of binary 2D
phase grating for 0.6sec of bias and 2.6sec of exposure time

5.2. Design and fabrication of 2D binary phase grating mask for analog micro-optics profile

5.2.1. Micro-optics designs

A simple positive micro-lens and ring micro-lens of 100µm diameter were designed for the
purpose of demonstrating the feasibility of this binary phase grating mask approach for the
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fabrication of analog micro-optics. The sag of the lens was chosen to be 7.5µm and the lens has
0.5µm of base thickness underneath it. We also designed a micro-prism and a V-groove of 7µm
height and 100µm of width with 0.5µm of base thickness. From an optical viewpoint, this base
thickness is redundant and is unnecessary, but if the resist height goes to zero at the edge of the
lens, the corresponding grating duty cycle on the mask would be almost zero which is practically
impossible. We chose 0.5µm as the minimum line-width for the phase grating mask, which
corresponds to 0.167 of duty cycle for a 1D phase grating mask and 0.2 of duty cycle for a 2D
phase grating mask. According to the convoluted remaining resist curve, this would result in
0.5µm of remaining resist, giving the micro-prism the desired resist pedestal. Following the same
procedure, we also designed a V-groove element with a 7µm depth and a total width of 100µm.
The designed lens is a plano-convex type of positive lens with the incident light coming
from the plane side. For this type of lens, the radius of curve R and focal length f are calculated
from the lens diameter D and sag s by the following simple formulae.
R=

D2 / 4 + s2
2s

f =

R
n −1

(5.6)

(5.7)

For the lens with a diameter of 100µm and sag of 7.5µm, the focal length of the lens made in
SPR-220 resist will be 266µm at a 630nm of wavelength. This makes the lens F-number equal to
2.66. The ring lens with diameter of 200µm and sag of 7.5µm will have the same focal length as
the 100µm positive lens, because the width of the ring is half of the diameter which results in the
same radius of curvature. The desired resist height profiles for the positive lens and the ring lens
can be analytically represented by the following expressions.
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Positive lens: h(r ) = R − R 2 − r 2 , ( r < D / 2 )

(5.8)

Ring lens: h( r ) = R ′ − R ′ 2 − ( r − D / 4) 2 , ( r < D / 2 )

(5.9)

In the above expression, R ′ is the radius of curvature of a ring with sag s and width D/2.

5.2.2. The phase grating mask design methods for analog elements

There are two approaches to the design of the duty cycle map of the binary phase grating for the
fabrication of a desired resist profile. The first is to just start from the 0th order grating
transmittance profile that is of the reverse form as the desired resist profile. This is the simplest
way of designing the duty cycle and it basically assumes that the response of resist to the
exposure intensity is linear. For the spherical micro-lens profile like this example, the
transmittance profile should be an inverted sphere form with the same diameter. From the
transmittance profile I(x, y), the duty cycle map W(x, y) can be computed by solving the grating
efficiency equation (5.4) for W.
W ( x, y ) = (1 − I ( x, y ) ) / 2

(5.10)

The above expression for duty cycle function is for lower duty cycle solutions of the grating
efficiency equation. For the higher duty cycle solution, the minus sign in the equation should be
changed to plus. When designing the desired grating transmittance profile, it should be
normalized properly to avoid the minimum duty cycle becoming too small to fabricate. It was
normalized to 0.78 of maximum transmittance, which corresponds to 0.24 of minimum duty
cycle for 2D grating mask.
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The second approach is to use the numerical de-convolution method to find out the
required dose profile D(x, y) (mJ/cm2) for the desired 2D resist height profile d(x, y) (µm) with
certain bias and exposure time, and compute the intensity transmittance I(x, y), duty cycle profile
W(x, y) from that dose profile. The desired 2D resist height profile d(x, y) (µm) can be used to
determine the required exposure dose profile to produce it using the polynomial fitting
expression for exposure curve h(D) (µm) of SPR 220 resist. The exposure characteristic curve in
Figure 4.4 can be put on the exposure dose D (mJ/cm2) vs. developed resist depth h (µm) scale
and represented by sixth order polynomial function D(h).
D ( h) = a 0 + a1 h + a 2 h 2 + a 3 h 3 + a 4 h 4 + a 5 h 5 + a 6 h 6

(5.12)

This function basically gives the required dose value D (mJ/cm2) for a certain developed resist
depth h (µm). Since the relationship between the developed resist depth h and the desired
remaining resist height d is d0=h(x, y)+d(x, y) for the total resist thickness of d0, it is possible to
substitute the desired resist depth profile h(x, y)=d0-d(x, y) in the polynomial expression D(h) in
order to obtain the desired dose profile D(x, y)=D(h(x, y)). The equation (5.5) relating the
exposure dose and intensity is still valid with the spatial coordinate parameters (x, y) in place of
duty cycle w. Thus, with a proper bias and exposure time to clear the SPR-220 resist, the desired
dose profile can be used to compute the required transmittance profile by solving the equation
(5.5) for I(x, y).
I ( x, y ) = ( D ( x, y ) / I 0 − t b ) / t e

(5.13)

From the exposure curve of SPR 220-7, we determined the bias and exposure time to be 0.6sec,
and 2.6sec respectively. Finally the duty cycle distribution W(x, y) can be obtained from the
required transmittance profile I(x, y) using the equation (5.10).
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5.2.3. The numerical convolution method for predicting analog resist profile

In order to verify this principle and design method for the phase grating mask for the analog
resist elements, we first designed simple prism profiles, which is basically a linear ramp in resist
profile. The size of the prism is 100µm square, and the height is 7.5µm. Both the transmittance
and resist profile based 2D phase grating mask designs were used to fabricate this structure in
SPR 220-7 resist. The target transmittance profile is a linear ramp of transmittance going from
1.66% to 78%. For the resist profile based phase mask design, the linearly ramping resist profile
going from 0.5µm to 7.5µm of resist height was used. Next, we designed a V-groove structure
using a 2D binary phase grating mask designed from both transmittance profile and resist profile.
For the transmittance profile based phase mask design, an inverted V type profile with 0.78 of
transmittance at the central top was used to generate duty cycle map with equation (5.10). The
resist profile based phase mask design was obtained from the V-like trough profile with 7µm of
depth and 100µm of width using the numerical de-convolution procedure for extracting the duty
cycle map explained previously. The range of intensity variation and duty cycle are the similar to
the prism cases. The 1D transmittance profiles and duty cycle maps for the phase grating mask
designed from the resist profiles of the micro-prism are shown in Figure 5.4.
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Figure 5.4: The intensity transmittance and duty cycle profiles of phase grating mask for 100µm
micro-prism designed using resist profile based method.

Once we have designed the duty cycle map W(x, y) for the 2D phase grating mask using the
resist profile based approach, it is possible to analytically predict the developed analog resist
profile by utilizing the similar numerical convolution method used for producing the curve of
Figure 5.3. We can simply put the duty cycle function W(x, y) into the equation (5.4) to obtain
the intensity transmittance profile I(x, y) coming out of this mask. Then, we can use equation
(5.13) to obtain the exposure dose profile D(x, y) (mJ/cm2) from the intensity profile I(x, y) with
a certain bias time tb and exposure time t, and it is straightforward to perform the numerical
convolution with the exposure curve of the developed resist depth h (µm) vs. dose D (mJ/cm2) to
finally obtain the developed resist profile d(x, y) (µm). In the case of the phase grating mask
designed from the transmittance profile, this procedure of analytically predicting the developed
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resist profile is even simpler as the intensity transmittance profile I(x, y) does not need to be
computed. The analytically predicted micro-prism and V-groove profile were compared with the
target profile as shown in Figure 5.5. As is evident from these figures, the transmittance based
phase grating mask produces a slightly bigger mismatch on the lower edge of the element than
the phase grating mask based on the resist profile. This is due to the fact that the 0th order
intensity transmittance of equation (5.4) becomes rapidly nonlinear near the minimum duty cycle
region, where the intensity is high and remaining resist is low. However, the predicted resist
profile of the resist profile based phase grating mask is in excellent agreement with the target
resist profile.
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(a)

(b)
Figure 5.5: The 1D target resist profile and developed resist profile (dotted curve) of micro-prism
resulting from the numerical convolution of the exposure curve of SPR 220 and designed duty
cycle map.
(a) From intensity transmittance based phase grating mask.
(b) From resist profile based phase grating mask.

5.2.4. Fabrication of binary phase grating mask using e-beam lithography

The phase grating masks for the 100µm micro-lenses, micro-prism and V-groove element were
designed with a 2D square pixel phase grating as previously discussed. The grating period p was
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chosen to be 2.5µm according to the cut-off equation (2.28). First, the desired duty cycle map
was created in a Matlab code according to the above numerical procedure and the resulting
numerical matrix of the duty cycle was saved as an ASCII file. We have developed a GDS2 file
writing program, and ran this program with the ASCII text file to create the GDS2 mask file for
the binary phase grating mask. It is possible to fabricate the phase grating mask with
conventional photolithographic technique using chrome mask and UV exposure tools like a
stepper and a mask aligner. But e-beam direct writing with PMMA resist has proven to be the
best way in terms of low absorption and cleanliness of fabricated grating surface. We used 495
PMMA A6 from MicroChem for the e-beam resist and coated a 5” fused silica mask plate with it
at a thickness of 420nm. This thickness makes pi phase shift at g-line (436nm). Then, the
Aquasave charge preventing layer from Mitsubishi Rayon was coated on it in order to prevent
the electron charging effect during the e-beam writing process. The e-beam writing was
performed with Leica 5000+ EBP machine in the Nanophotonics clean room of CREOL/UCF.
The optimum e-beam dose for clearing the PMMA resist was found to be 450µC/cm2. After the
e-beam writing was finished, the mask plate was developed in the MIBK/IPA (1:3) developer for
70 seconds and rinsed with IPA. The microscope picture of the fabricated phase grating mask for
micro-prism is shown in Figure 5.6.
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Figure 5.6: A microscope image of the phase grating mask for micro-prism fabricated on PMMA
e-beam resist using e-beam direct writing technique.

5.3. Fabrication and analysis of analog resist profiles using 2D phase grating mask with
single square pixel per pitch

5.3.1 Fabrication process of micro-optics profiles on SPR 220 photo-resist

For the fabrication of these analog elements with our fabricated phase grating mask, we coated a
4” fused silica wafer with SPR 220-7 resist for the initial thickness of 12µm. This is the
maximum thickness possible with SPR 220-7 resist when spun at 1000rpm with a spin coater.
Next, it was soft-baked on a hot plate at 115ºC for 90 seconds. We used our GCA g-line stepper
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to expose this wafer with the phase grating mask. The bias and exposure time were 0.6sec, 2.6sec
as the duty cycle map on this mask was designed for that exposure condition. The exposed SPR
220-7 resist should then sit at least 45 minutes before the post-bake is applied, since it takes that
amount of time before the photo-chemical reaction is finished and stabilized. The post-exposure
bake was done in the same way as the soft-bake. After the post-exposure bake is done and the
wafer is cooled down, it was developed by immersing in MF CD-26 developer for 4 minutes. At
last, it was rinsed with DI water and dried with nitrogen.

5.3.2 Measurement and analysis of fabricated analog resist profiles

We first fabricated simple prism profiles with the 2D single square phase grating mask, which is
basically the linear ramp in resist profile. The size of the prism is 100µm square, and height is
8µm. Both transmittance and resist profile based 2D phase grating mask designs were used to
fabricate this structure in SPR 220-7 resist. The target transmittance profile is a linear ramp of
transmittance going from 1.66% to 75%. For the resist profile based phase mask design, the
linearly ramping resist profile going from 0.5µm to 8µm of resist height was used. We also
fabricated a blazed grating of 20µm period with the transmittance based phase grating mask. The
duty cycle range is from 0.26 to 0.66 for these designs.
Next, we fabricated 100µm positive micro-lenses using the 2D binary phase grating mask
designed from both the transmittance and resist profiles. For the transmittance profile based
phase mask design, an inverted sphere type profile with 0.75 of transmittance at the edge of the
lens was used to generate a duty cycle map using equation (5.10). The resist profile based phase
mask design was obtained from the sphere type profile with 7.5µm of sag height and 0.5µm of
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base resist thickness using the numerical de-convolution procedure explained previously. The
range of intensity variation and duty cycle are the same as the prism cases. The duty cycle
profiles of both transmittance and resist profile based phase mask designs are shown in Figure
5.7. We also fabricated 100 and 200µm ring lenses with the similar procedure as the positive
micro-lens. For the ring lenses, only the resist profile based phase grating mask was used.

(a)

(b)
Figure 5.7: Duty cycle profiles for 200µm micro-lens.
(a) Based on transmittance profile. (b) Based on resist profile.
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We chose to use the method of optical profilometry to measure the surface profile of the
fabricated analog elements on thick photo-resist. The contact profilometry machine was not used
for this measurement because it could damage the photo-resist surface and also it is more limited
in its height measurement range. The developed resist profile was measured with a Zygo white
light interferometer. For the positive micro-lenses, the Zygo can perform a two dimensional
surface fitting for a spherical surface with an aspheric equation and 10th order polynomial of
radius parameter. We used the surface fitting to an aspheric equation to obtain the radius of
curvature and conic constant of positive micro-lenses. For other type of elements, one
dimensional surface profiles through the center of the elements were taken from the measured
surface data. All these experimental surface profiles were compared with the initial target resist
profiles from which the phase grating mask was designed. The 2D Zygo profile pictures of the
fabricated analog elements are shown in Figure 5.8.
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(a)

(b)

(c)

(d)

Figure 5.8: 2D surface profiles of 100µm positive micro-lenses from Zygo white light
interferometer.
(a) Micro-lens from transmittance based phase grating mask.
(b) Micro-lens from resist profile based phase grating mask.
(c) Micro-prism from resist profile based phase grating mask.
(d) Micro V-groove from resist profile based phase grating mask.

The result of the profile measurement shows fairly good agreement with the predicted
resist profile obtained from the numerical convolution method. We compared the 1D numerically
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predicted resist profile with the fabricated resist profiles of the prism and V-groove as shown in
Figure 5.9. Both elements were obtained using the resist profile based phase grating mask.

(a)

(b)
Figure 5.9: The comparison of the numerically predicted 1D micro-prism profile and the
fabricated 1D micro-prism profile (dotted curve).
(a) Micro-prism. (b) Micro V-groove.

The slightly higher experimental profile on the low side of the prism is due to somewhat
oversized small phase grating pixels on those areas. Using the numerical convolution
computation with the introduction of pixel size error, this over-sizing error of the grating pixels
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was estimated to be 3~4%. This is probably caused by a slight over-developing of PMMA resist
after e-beam writing. Both the transmittance based and resist profile based phase grating designs
produce the final resist profiles in good agreement with the predicted resist profile. However, in
the case of the transmittance based phase grating mask, the profile near the bottom edge of the
prism makes a larger mismatch to the designed prism profile than the profile from the resist
based phase grating mask. Because the linear ramp in intensity profile does not produce the
linear resist profile as a result of nonlinear exposure response of the SPR 220 resist and the low
duty cycle regions make nonlinear 0th order intensity profiles, there is more deviation from the
designed prism profile than that made using the resist profile based phase grating mask. Thus, it
is evident that the resist based phase grating mask should be used in order to fabricate the most
accurate analog resist element.
In the case of the positive micro-lens, the resist profile based phase grating design turned
out to be much better than the transmittance based phase grating design. The resist profile based
phase grating design produced a lens surface on SPR 220-7 resist very close to the designed
spherical surface. But, as we can see from the 2D profile pictures from the Zygo in Figure 5.8,
the transmittance based phase grating makes a highly aspheric lens surface, deviating
significantly from the spherical surface. The comparison of target resist profile and experimental
resist profile is shown in the Figure 5.10. From the 2D surface fitting analysis of the fabricated
lens surfaces, we were able to obtain radii of curvature and conic constants of the lens surfaces.
The micro-lens made from the transmittance based phase grating mask has much smaller actual
radius of curvature than the design value, and has quite a high conic constant. However, the
micro-lens made from resist profile based phase grating mask has an actual radius of curvature
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very similar to the design value and a much smaller conic constant. The measured lens
parameters are summarized in Table 5.1.

(a)

(b)
Figure 5.10: Target resist profile and measured profile (dotted curve) of fabricated micro-lenses.
(a) Transmittance based phase grating mask.
(b) Resist profile based phase grating mask.
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Table 5.1: Comparison of design parameters and measured parameters from fabricated analog
micro-lenses from transmittance based phase grating mask and resist profile based phase grating
mask.
Transmittance based

Resist profile based

Design

Measured

Design

Measured

160

151

160

157.5

Conic constant

0

-7.838

0

-3.128

Sag (µm)

8

8.2

8

8.1

F-number

2.5

2.359

2.5

2.461

Radius of curvature (µm)

The 100µm and 200µm ring lens surfaces made from the 2D phase grating were also
measured and compared with the target resist profiles. The SEM picture of the ring-lens is shown
in Figure 5.11. Since the donut like profile of the ring lens does not fit to the aspheric equation
used for the positive lens, we tool the one dimensional profile data through the center of ring lens
and compared it with the target profile. The result shows excellent agreement with the target
resist profile as shown in Figure 5.12. Some irregular surface data points near the center and
edges come from a scanning error in the Zygo interferometer due to the steep surface profile on
those locations. Again, this demonstrates that the resist profile based 2D phase grating mask
creates analog resist profiles that match the design.
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(a)

(b)

Figure 5.11: SEM picture of the 100, 200µm ring lens made from resist based phase grating
mask

Figure 5.12: Target resist profile and measured profile (dotted curve) of micro-ring lens
fabricated with transmittance based phase grating mask (bottom).
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(a)

(b)

(c)

Figure 5.13: SEM pictures of analog elements fabricated on SPR 220-7 resist. The height is 8µm
for all elements.
(a) Blazed grating. (b) Micro-prisms. (c) Micro-vortex.

We also designed and fabricated analog vortex elements with the resist profile based
phase grating masks. The vortex is the analog surface profile ramping up in an angular fashion.
The analytic expression for the vortex of height d0 is given by
d ( x, y ) = d 0 (tan −1 ( my / x ) + π ) /( 2π )

(5.14)

In the above expression, m is the integer charge number for vortex. For m=1, the vortex profile
makes one circular ramping from 0 to 360 degrees. For m=2 or higher integers, there will be two
or more angular ramping profiles in 360 degrees. We used equation (5.14) with 7µm of total
height value d0, and charge number m equal to 1 and 3 in order to design and fabricate the resist
based phase grating mask as explained in section 5.2. The resulting analog vortex profiles after
exposure and development are shown in Figure 5.14. We checked the angular linearity of the
vortex profile by sampling the points lying on a circular ring within the vortex profile using the
98

Zygo interferometer. This is plotted in Figure 5.15 and shows a good linearly ramping height on
the angular scale. Thus, the vortex profile provides another example demonstrating the accuracy
of the resist profile based phase grating mask design method for analog elements. The SEM
picture of the fabricated analog vortex element is shown in Figure 5.13(c).

(a)

(b)
Figure 5.14: 2D Zygo profiles of fabricated analog vortex elements on SPR 220 resist.
(a) Vortex with charge number equal to one.
(b) Vortex with charge number equal to three.
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Figure 5.15: The measured angular vortex height profile
(a) Upper curve is from the analog vortex with 0.6sec of bias time.
(b) Lower curve from the analog vortex with 0.8sec of bias time.

5.4. 2D binary phase gratings with two square pixels per pitch

In order to design the binary phase mask for an arbitrary two dimensional resist profile, a two
dimensional phase grating with a pitch (unit cell) shape that creates sufficient variation of
efficiency was designed by changing the fill factor. The fill factor is defined as the ratio of pi
phase area to the entire pixel area. An aerial imaging intensity computation code based on the
scalar diffraction and the transfer function method in Fourier optics was developed for the
stepper used in these experiments. The efficiency vs. fill factor curve for several pitch designs
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was computed with our aerial image calculation code, and it was found that a two dimensional
square phase grating mask with two identical squares at the diagonal position of every square
pitch produces a rapidly changing efficiency curve. To vary the fill factor of this type of grating,
the size of the two squares are changed while their corner points remain fixed as shown in Figure
5.16. By making the desired analog 0th order efficiency a function of position on the mask plane,
the fill factor also becomes a function of position on the mask.

Figure 5.16: Pixel design of 2D binary phase grating with two squares in each pitch

The fill factor determines the efficiency of this grating, and the duty cycle in the x or y
direction is a useful quantity for designing the mask. For this type of grating, the fill factor F is
related to the duty cycle w as the following formula where a is the pi phase area and Λ is the
period.

F ( w) =

2a 2
= 2w 2
Λ2
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(5.15)

In order to derive the analytic expression for 0th order efficiency of this phase grating, the
amplitude at the grating plane was expressed in the following form.

t ( x, y ) = [2rect (

x−a/2 y −a/2
x − ( Λ − a / 2) x − ( Λ − a / 2)
1
x y
,
) + 2rect (
,
) − 1] ⊗ 2 comb( , )
a
a
a
a
Λ Λ
Λ

Then the equation for the 0th order efficiency, I(w), as a function of duty cycle (w=a/Λ) can be
derived by taking the Fourier transform of the above expression and substituting zero spatial
frequency. The result is shown below.
I ( w) = 16 w 4 − 8w 2 + 1 (for w = 0~0.5)

(5.16)

For a duty cycle greater than 0.5, w should be replaced with 1-w in the above equation. The plot
of this efficiency equation is shown in Figure 5.17. This efficiency curve has a much higher
slope than the one for the 1D binary phase grating mask and it makes the fabrication of thick
micro-optics profiles easier, as one can produce a certain variation of efficiency within a small
range of duty cycle. A duty cycle range of 0.2 to 0.46 was found to be optimal, for a cutoff
period of 2.5µm.
Before designing the duty cycle function for the 2D phase grating mask, the response of
the photo-resist to the exposure dose should be investigated. Shipley SPR-220 positive photoresist was chosen for the fabrication of micro-optics because it works well with G-line exposure
and allows thick films, up to 12µm, in a single spin step.
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Figure 5.17: 0th order diffraction efficiency vs. duty cycle curve of 2D binary phase grating mask
of Figure 5.16.

The developed photo-resist versus exposure time curve of SPR-220 resist was obtained
by performing a dose matrix exposure. The resist begins to respond to exposure at 0.5sec, and
the developed depth rises rapidly after that amount of time. This behavior of the photo-resist is
compensated for by using a blank bias exposure of 0.5sec. Then, one can expose the phase mask
and form a desired analog resist pattern from the usable exposure region between 0.5sec and
3.0sec, resulting in 5-11µm of total resist height, depending on the mask design and initial resist
thickness. This fact was verified by numerically convolving the exposure dose profile with the
exposure characteristic curve of SPR-220. The normalized intensity curve I(w) as a function of
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duty cycle can be multiplied by exposure time to give the normalized exposed dose curve in the
unit of exposed time. For this two step exposure, the dose profile is given by
D( w) = I 0 ⋅ Tb + I ( w) ⋅ Te

(5.17)

In this equation, I0 is the initial intensity (=1), Tb is the bias time, and Te is the exposure time.
Since the dose profile is normalized to exposure time, a numerical convolution can be performed
by combining this curve with the exposure characteristic curve of SPR-220 resist (see Figure
4.4). The bias time can be varied to optimize the resist profiles, however higher bias times result
in a reduced remaining resist thickness. The numerical convolution result for the bias time of
0.7sec and exposure time of 2.7sec is shown in Figure 5.18.

Figure 5.18: Remaining resist thickness vs. duty cycle curve obtained by numerical convolution
of equation (5.16) for 2D binary phase grating with exposure curve of Figure 4.4.
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It is evident from this numerical convolution curve that this type of phase grating mask requires
smaller variation of duty cycle than 1D binary phase grating mask for the same amount of
thickness. Thus, it is possible to avoid using too small a grating pixel size, below 0.5µm.
For the fabrication of the phase mask, a duty cycle map for the 2D phase grating was
designed with a 2.5µm period. A positive micro-lens with a diameter of 100µm and a 100µm
square prism were two of the features. For the positive micro-lens, the inverse spherical 0th order
intensity profile was used to obtain the duty cycle profile through equation (5.16). In the case of
the micro-prism a linearly increasing intensity profile was created and designed to correspond
with the duty cycle profile. Fabrication techniques for the phase grating mask included projection
and contact lithography and e-beam direct write, which was found to create the best grating. The
mask plate was coated with PMMA resist of π phase thickness for g-line wavelength (436nm).
The mask was then exposed with a dose of 450 µC/cm2 at 50kV, followed by a 60sec developing
in MIBK:IPA (1:3) and an IPA rinse. Figure 5.19 shows a microscope image of the 2D phase
grating pattern for the micro-lens.
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Figure 5.19: Microscope picture of the 2D phase grating for a positive micro-lens

To use the phase mask with a photolithographic stepper, a fused silica wafer was coated
with 11.6µm thick SPR-220 resist. The wafer was then exposed with the phase mask. The
exposure and bias time were chosen based on the numerical computation of the final resist
profile. From the numerical convolution computation, a 0.6sec~0.8sec bias time followed by a
subsequent exposure time of 2.6~2.9sec was determined to result in 7~9µm of pattern height. A
total exposure dose of 480~550mJ/cm2 was delivered to the resist. Those parameters were
optimized through several iterations. The exposed SPR-220 resist was developed using CD-26
developer for 4 minutes and the surface profile was measured using a Zygo white light
interferometer. The final surface profile was found to be in good agreement with that of the
numerical computation.
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In order to compare the surface profile of the micro-lens with that of the numerical
computation, the resist surface profile of the micro-lens was fit to an aspheric lens equation up to
O(r4) order. The aspheric lens surface was then plotted with fitted parameters of curvature, conic
constant, and the fourth order coefficient. For the numerical analysis, the final resist profile was
computed by numerically convolving the dose profile with the exposure characteristic curve of
SPR-220 resist. Finally, the 1D surface profile from the numerical analysis was overlaid with the
1D plot from the surface fitting of the micro-lens, as shown in Figure 5.20. The difference of the
two plots is less than 5% of the total thickness. This further demonstrates the accuracy of the
numerical analysis method. By varying the bias and exposure time, the focal length of the microlens can be controlled within a range of 200µm to 330µm. A similar surface analysis was
performed for the micro-prism, and it also shows good agreement between the experimental and
numerically computed profiles as shown in Figure 5.20.

Figure 5.20: Comparison of experimental (crosses) and analytical (dots) lens and prism profile
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The quality of the surface was inspected using a scanning electron microscope. The
surface topography can be seen in the SEM images of the positive lens and prism shown in
Figure 5.21. It was observed that the smoothness of the resist surface is very good as there were
no apparent discrete surface levels. This shows that our phase mask truly produces the analog
resist profile as predicted from theoretical/numerical simulation.

Figure 5.21: SEM images of the micro-lens and prism

5.5 Summary and conclusion of 2D binary phase grating mask technique

We have demonstrated a phase grating mask technique based on e-beam direct writing which is
potentially a good alternative to the gray-scale and half-tone mask techniques for the fabrication
of analog resist profiles. The principle of this technique is that the 0th order efficiency of a binary
phase grating of pi phase depth depends on the duty cycle of the grating. By using a small
enough grating period it is possible to allow only the 0th order light to pass through the stepper
system to form the aerial image on the wafer. The numerical convolution of the 0th order
diffraction efficiency and exposure characteristic curve of the thick resist was used to predict the
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response of the resist height to the duty cycle variation of the phase grating mask under a
particular exposure condition. This numerical computation seemed to agree well with the
experimental results on the SPR 220 resist. We also developed a numerical de-convolution
technique to compute the required duty cycle variation for certain analog resist profiles to be
made on a thick resist. This approach is simple and only the 0th order diffraction efficiency curve
and exposure characteristic curve of a particular resist are needed. The phase grating mask
design based on this numerical de-convolution of target resist profile proved to yield a more
accurate analog resist profile than the simple transmittance profile based phase grating mask
design.
Thanks to the very high e-beam resolution (10nm) of the Leica 5000+ EBPG system, we
were able to represent the fine variation of the line-width and pixel sizes in the binary phase
grating mask required to fabricate an analog resist profile. PMMA e-beam resist was used to
form the phase grating with varying duty cycle on the mask because of its high transmittance at
g-line and chemical durability. We fabricated an analog micro-prism, V-groove and vortex on
SPR 220-7 resist in order to verify the feasibility of this technique. This technique can also be
applied to other types of positive thick photo-resists and is not limited to the thickness range of
SPR 220-7 resist. The fabricated analog resist elements can be followed by a dry etching process
to transfer the analog resist profile to a fused silica substrate. While this paper has demonstrated
the feasibility of the analog resist profile fabrication using the phase grating mask, further
development and characterization of the dry etching process to transfer the analog resist pattern
to a fused silica substrate will make this technique as a viable option for the fabrication of a
variety of refractive/diffractive optical elements.
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CHAPTER SIX: SUMMARY AND CONCLUSION
In this doctorial research, two phase mask techniques for different purposes were presented. The
first one is the use of a phase grating mask fabricated on the back side of a conventional binary
grating mask in order to create the desired off-axis illumination for aberration characterization.
This approach of creating modified illumination from the phase grating pattern on the back side
of a mask plate turned out to be a very useful alternative for expensive new stepper systems with
modified illumination capability in the condenser. We fabricated those phase grating patterns
written into S1805 photo-resist on the back side of the chrome mask plate using contact aligner.
The resist thickness was controlled to make a pi phase shift at our stepper wavelength of G-line
(436nm). By making two different modified illuminations with the 2D square phase grating and
1D circular grating, we were able to create three distinct types of illumination: conventional,
quadruple, and annular. From the aerial image simulation of a binary amplitude grating with the
period allowing only three propagating orders (0, ±1) in the pupil of the stepper, the response of
the aerial image to the variation of the even aberration was found to depend on the type of the
illumination for the mask. Thus, with three different types of illumination it is possible to extract
the specific type of even aberrations (SA, Astigmatism) up to the fifth Seidel order by simply
measuring the shift of best focus (∆F) of the grating image under three different types of mask
illuminations. We demonstrated this approach of measuring the even aberrations of the stepper
experimentally, and obtained third and fifth order SA, astigmatism, which produces the actual
resolution of our system (~0.8µm).
The second major application of the phase grating mask is the fabrication of an analog
resist profile. This technique is based on the fact that the 0th order efficiency of a binary phase
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grating of pi phase depth depends on the duty cycle of the grating. At half duty cycle, this type of
grating produces no 0th order efficiency. But at the other duty cycles, the 0th order efficiency
becomes a polynomial function of duty cycle. Thus, by varying the duty cycle of the binary
phase grating as a function of position on the mask, it can provide the desired analog intensity
profile required for a continuous relief surface profile. The simplest binary phase grating mask of
this type is the 1D line or circular ring phase grating mask. In this case, the duty cycle is simply
the ratio of line-width to the period of grating. Through the numerical analysis based on the
numerical convolution of the exposure characteristic curve and the 0th order efficiency curve, the
maximum height of the analog element on SPR 220 resist from the 1D phase grating mask is
predicted to be 6µm. However, due to the practical limitation of the usable duty cycle range, the
maximum height is practically limited to approximately 5µm. Using a properly designed 1D
phase grating mask, a circular micro-lens, cylindrical micro-lens, ring-lens and prism can be
fabricated. However, it is impossible to design and fabricate arbitrary 2D analog surface
elements with the 1D phase grating mask. The 2D phase grating mask was studied for this
purpose. It was found that the fill factor is the relevant concept corresponding to the duty cycle
of the 1D phase grating mask. In general, the fill factor is proportional to the square of the duty
cycle in one axis direction. Thus several different cell designs can be used such as single square
pixel per pitch and two square pixels per pitch. Since the 0th order efficiency from the 2D phase
grating mask is a 4th order polynomial of duty cycle, it makes a much more rapid variation of 0th
order light intensity with duty cycle. Due to this property, it is better suited for making taller
analog elements. Using the numerical convolution technique, it was shown to produce up to
8.5µm of maximum height of analog element on SPR 220 resist. Basically, there are two ways of
designing a binary phase grating mask for analog element fabrication. The first and simplest
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method is using the analog target intensity transmittance profile. The duty cycle profile is then
obtained by solving the 0th order grating efficiency equation for the duty cycle. Although this is
the simplest way of designing phase grating mask for an analog surface element, it does not
produce the exact surface relief profile. This is due to the nonlinear nature of the grating
efficiency near the low duty cycle region and the nonlinear response of the photo-resist to the
delivered exposure dose. But in the case of simple linear ramp based elements such as a prism or
blazed grating, it seems to work with acceptable profile error when the minimum low duty cycle
was set properly. The second and more accurate method is based on the inverse numerical
convolution of the exposure characteristic curve and intensity transmittance profile. The desired
dose profile for a target resist height profile can be obtained through the polynomial fitting
expression of the exposure characteristic curve. Then, it is straightforward to get the intensity
transmittance and duty cycle profile from the desired dose profile. A number of 2D analog
elements such as a micro-prism, V-groove, vortex and ring-lens were designed and fabricated
using the 2D phase grating mask based on the resist profile. The surface profiles of these
fabricated analog elements were measured and analyzed using a Zygo white light interferometer.
It was shown that these analog elements have excellent, surface quality as well as good
agreement with the target resist profile.
The major advantages of the phase grating mask technique for analog resist element
fabrication over other techniques are its long (>20µm) depth of focus and smooth surface profile
due to minimal noise from scattered light. Thus it will be a very attractive alternative to the halftone mask techniques of the 90’s.
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